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ABSTRACT 

 

The development of tolerogens, fabricated devices eliciting tolerance toward 

incompatible donor ABO antigens in implant patients, is the ultimate goal of this 

project. This would permit ABO incompatible organ transplants, increase the 

donor pool for patients, increase efficiency in the use of available organs, reduce 

waitlist times and reduce mortality rates of patients. Stainless steel stents and 

silica nanoparticles were chosen as platforms for the stationary and circulating 

tolerogens. 

 

Stainless steel was coated with silica by solgel dip-coating, electrodeposition, and 

atomic layer deposition (ALD). The coatings were evaluated by CV, EIS, SEM, 

AFM, VASE, FTIR, XPS, and AES. Of the silica films, those deposited by ALD 

provided superior insulating, conformal, and thin coatings. These silica ALD 

films outperformed even titania ALD films upon stressing. Silica ALD films were 

subsequently functionalized with mixtures of silane derivatives of poly(ethylene 

glycol) (PEG), to prevent nonspecific protein binding, and monosaccharides (MS) 

or trisaccharide and tetrasaccharide (TS) antigens. Functionalizations were 

characterized by FTIR, XPS and UV-Vis following enzyme-linked lectin assays 

(ELLAs) or enzyme-linked immunosorbent assays (ELISAs). Effective 

functionalization allowing biological availability and activity even after 

incubation in blood plasma was confirmed. Microarray microscope slides were 



 

similarly developed with all ABO antigen subtypes, characterized by ToF-SIMS 

and ELISA, and proved useful in detecting antibodies in human blood samples. 

 

Silica nanoparticles, including fluorescent and magnetic varieties, in a range of 

sizes were prepared by sol-gel synthesis. The nanoparticles were evaluated by 

SEM, DLS, zeta potential measurements, fluorescence imaging, flow cytometry, 

two-photon excitation fluorescence correlation spectroscopy and TEM. Different 

dye incorporation methods were used for effective detection of NPs, and 

additional silica layers improved fluorophore characteristics. Functionalization of 

the nanoparticles with PEG and MS or TS were determined successful using three 

different methods as characterized by FTIR, XPS and ELLA or ELISA and UV-

Vis or flow cytometry. The most cost-effective method involved functionalizing 

nanoparticles with amine, which was optimized using an assay. The amine-

terminated nanoparticles were used to tether a PEG linker molecule for covalent 

binding of PnP derivatives of MSs and TSs.  
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CHAPTER 1 – INTRODUCTION  
 

Organ transplant is a necessity for a number of different ailments. For example, 

congenital cardiac malformations and cardiomyopathies in infants can be lethal 

unless the required heart transplant is performed in time. Transplant waiting lists 

can be quite long, and the donor pool can be quite small depending on the 

recipient and required organ. Patients who require transplants can be quite ill, and 

patients often die before appropriate donor organs can be found. Additionally, 

immunosuppressive drug therapy is necessary following organ transplant. This 

therapy has undesirable side effects that can become life threatening.(1) 

 

In transplantation, ABO compatibility is another limiting factor in finding suitable 

donor organs.(2) General guidelines are used in order to ensure the safety of the 

organ recipient.(2,3) The compatible and incompatible blood types for both 

recipients and donors are listed in Table 1.1 and Table 1.2.(2) From Table 1.1, it 

can be seen that AB blood type is the universal recipient – it can receive organs 

from any blood type. Table 1.2, the universal donor, in contrast is O blood type. 

Although the method is unknown, the immune system produces antibodies against 

antigens not presented in the body. 

 

Table 1.1. Compatible and incompatible blood types for organ recipients. 

Recipient Blood Types Compatible Blood Types Incompatible Blood Types 

O O A, B, AB 

A O, A B, AB 

B O, B A, AB 

AB O, A, B, AB none 
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Table 1.2. Compatible and incompatible blood types for organ donors. 

Donor Blood Types Compatible Blood Types Incompatible Blood Types 

O O, A, B, AB none 

A A, AB O, B 

B B, AB O, A 

AB AB O, A, B 

 

The guidelines outlined in Tables 1.1 and 1.2 limit the already limited quantity of 

viable donor organs. The life-saving surgery patients require often cannot be 

performed for this reason. The ABO incompatibility is derived from ABO 

antigens, polysaccharides presented on the surfaces of many tissues.(4-6) The 

antigen presented for O blood type is only the H antigen. Other blood types are 

derived from the addition of A and/or B terminal saccharides to the H antigen by 

genetically determined enzymes. These antigens are presented in Table 1.3. When 

the ABO compatibility guidelines are not followed, hyperacute rejection occurs, 

beginning with binding of antibodies already present in blood plasma.(7,8) This 

can result in organ rejection and death of the patient. 

 

Even with these risks, attempts to cross the ABO blood barrier have been made in 

kidney transplantation.(9-13) In the case of kidney transplant, dialysis is still 

possible in the event of renal failure. Removal of antibodies by splenectomy, 

plasmapheresis, and B-cell pharmacologic agents are required for successful 

transplants. However, antibodies can return as a result of B-cell memory.(1) 

 

In the case of heart transplant, there are no alternative therapies in the event of 

cardiac failure. Most ABO-incompatible heart transplant proved lethal in the past 

and were performed as a result of errors.(14) For adults, these ABO 

incompatibility guidelines hold true and should be followed. However, an infant’s 

immune system is not fully developed and does not produce antibodies against 

carbohydrate antigens, such as ABO blood types, until the immune system 

matures. A depiction of this is presented in Table 1.3. In infants, maternally 

derived ABO antibodies are the sole source of blood type antibodies until the 
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immune system develops which takes months. As such, in the absence of antibody 

sources such as breast milk, these antibodies will deplete within a couple of 

weeks. 

 

Table 1.3. ABO blood type antibodies produced in adults and infants and ABO 
blood type compatibility for organ transplant in infants.

 
 

From Table 1.3, it can be assumed that this barrier can safely be surmounted in 

infants, which has been proven.(2) Most ABO incompatible heart transplants were 

successful, and the unsuccessful cases were unrelated to hyperacute rejection. 

This expands the donor pool and dramatically decreases the waiting list mortality 

rate – from 58% to 7%. More than 20 centres worldwide have adopted this 

protocol with more than 100 patients with a good success rate. This type of organ 

transplant has also been noted for minimizing the need for chronic systematic 

pharmacologic immunosuppression, and the derived side effects. This protocol, 

however, is limited to infants with an immature immune system. 
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Interestingly, the recipients of ABO incompatible organ recipients do not develop 

immunity to the donor antigens, called immunologic tolerance.(3) Neonatal 

tolerance can be induced when foreign antigens are introduced to an immature 

immune system.(15-18) The immune tolerance is thought to develop in the same 

way as self-tolerance. The donor-specific tolerance develops spontaneously after 

ABO incompatible organ transplant. This tolerance persists years after organ 

transplant. Injection of ABO saccharides has been performed as an attempt to 

reduce the risk of rejection in ABO incompatible organ transplant. These studies 

required large amounts of saccharides, which was quite costly, and resulted in 

offsetting rejection, but did not prevent rejection.(19,20)  

 

The development of a device to induce ABO tolerance in patients, a tolerogen, to 

extend the window of opportunity for ABO incompatible organ transplant could 

result in a number of desirable outcomes. An effective tolerogen could result in 

increasing the potential donor pool for patients, decreasing waitlist times, 

increasing the survival rate of patients on the organ transplant waitlist, and 

efficient use of all available organs. This is a large ultimate goal of this work.(21) 

 

For testing of ABO tolerance, a porcine model was chosen because they naturally 

express A and O blood types and naturally produce anti-A and anti-B antibodies. 

Upon implantation of tolerogen devices in O blood type piglets, the anti-A and 

anti-B antibodies can be assessed. The absence of these antibodies would be an 

effective evaluation of tolerogen utility. 

 

In order for the porcine model to be used effectively, the window of opportunity 

when minimal ABO antibodies are present and in circulation in the piglets must 

be identified. Anti-A antigen assays were performed on newborn O blood type pig 

blood samples by Dr. West and co-workers. The antibody assay was detected by 

the fluorescent antigen used in the assay and were detected at 405 nm by UV/Vis 

spectroscopy (depicted in Fig. 1.1). Low optical density (OD) at 405 nm indicates 

low amounts of detected anti-A antibodies. These results indicate that antibodies 
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derived maternally are depleted within two weeks. Additionally, it is evident that 

the piglets begin to produce their own anti-A antibodies after 5 weeks. This 

indicates that 2-5 weeks is the ideal window for implanting tolerogen devices. 

 

 
Figure 1.1. Anti-A antibody levels detected in 7 newborn O blood type pigs 
through optical density at 405 nm. 
 

Additional technologies utilizing functional ABO blood type saccharides have 

also been developed. Each blood type antigen, (A, B and H) has six subtypes (I-

VI).(22) The subtypes are diastereomers of the blood antigen, as demonstrated by 

the  A antigen subtypes depicted in Fig. 1.2. The different subtypes are expressed 

on different tissues of humans, with the exception of type V antigens.(23-25) 

These subtypes are an important additional consideration for transfusion and 

transplant compatibility.(22) These different blood types can be presented in 

different concentrations, which can make it difficult to detect the blood type and 

result in mistyping.(26) 
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Figure 1.2. Depiction of all six A type antigen subtypes. 
 

The traditional method for ABO compatibility testing between donor and 

recipient is forward typing (agglutination of the recipient’s red blood cells) or 

reverse typing (agglutination of the recipient’s blood serum). From these results, a 

donor match is determined. In this procedure, subtypes are not determined. It has 

previously been noted that serious complications can arise from transfusions and 

transplants between different subtypes of the same blood type.(27,28) 

Incompatibilities between ABO subtypes often give rise to unexpected 

results.(29) A trial and error method is typically used for more extensive testing 

and for better typing between donor and recipient, which can be time consuming 

and lead to delays in treatment. This delay is unacceptable in an emergency 

situation, and therefore may result in subtype mismatch.(30) These blood typing 

methods give no indication of reactivity of a recipient to a particular subtype. 

Assessing the compatibility by the presence or absence of antibodies toward ABO 
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subtypes may offer a more effective means of determining subtype 

compatibility.(1) 

 

Current methods cannot effectively assess ABO subtype compatibility. With 

better identification of ABO subtype incompatibility, ABO blood barrier may 

prove easier to overcome than previously thought. This could allow for more 

effective use of available organs. Quantitative assessments of the ABO subtype 

antibodies would lead to more extensive assessment of compatibility and better 

clinical decisions could be made. 

 

A previous attempt has been made to detect ABO antigen subtypes using a bead-

based assay.(31) Other multiple ABO subtype glycan microarrays have been used 

previously.(32,33) However, these methods do not quantitatively assess all 

subtypes simultaneously. Without the additional subtype information, potential 

recipients are often declined due to unknown risk of potentially life-saving 

transplants. 

 

Furthermore, the underlying mechanism of ABO immunologic tolerance is still 

unknown. Accordingly, it would be ideal to develop a method to study this. 

Isolation of carbohydrate-specific B cells could allow for this opportunity. This is 

a difficult task due to the weak interaction between carbohydrates and 

immunoglobulins, the low frequency of specific B-cells, and non-specific cell 

adhesion. Developing a flow cytometry assay for detection and characterization of 

ABO blood type antigen-specific B cells could allow this opportunity. 

 

In preparing tolerogens, long-term exposure of antigens in the blood system is 

desired. Therefore, nanoparticles and stents were decided as the platforms for 

attachment of synthetic ABO blood type antigens for introduction into immature 

immune system to induce tolerance to the antigens. As nanoparticles, the 

tolerogen could be injected intravenously for circulation. As a stent, the tolerogen 

could be surgically implanted as a stationary implant. Both of these platforms 
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must be carefully designed to achieve ideal characteristics for their intended 

purpose. 

 

The small size of nanoparticles offers a lot of potential in a variety of biomedical 

applications, including drug delivery.(34-39) Nanoparticles also often have 

tunable properties that differ from their constituent material in bulk.(38,40,41) 

The material for the construction of nanoparticles must be carefully selected for 

its intended purpose.(37,38,42) Silica is a good candidate since it is 

biocompatible, resists degradation in a biological environment and is easy to 

functionalize.(43-51) Additionally, silica nanoparticles of a variety of sizes are 

simple to synthesize and it is also easy to incorporate magnetic or fluorescent 

properties within them to allow for efficient capture or 

detection.(38,42,45,46,49,52-55) Varying the size and functionalization of 

nanoparticles is also simple to change synthetically for silica 

nanoparticles.(46,48,49) These facile manipulations are ideal since both of these 

factors can change the effects in biological systems.(38,39,48,56,57) 

 

The nanoparticle functionalization is also very important.(37,39,44,57-61) 

Covalent attachment of molecules is necessary for stable functionalization of 

antigen molecules.(45,49,50,52,60,62) Different strategies can be used to bind 

molecules, including antigen, however, if the nanoparticles were functionalized 

solely with antigen, they could become susceptible to protein 

adsorption.(38,41,52,60-63) Protein adsorption would lead to removal from the 

blood stream.(48,64) This would not be an ideal situation, as numerous injections 

would be required in order to sustain a sufficient concentration of nanoparticles in 

the blood stream. 

 

“Stealth” nanoparticles, which have longer half-life in blood circulation, have 

been established with poly(ethylene glycol) (PEG) 

functionalization.(37,49,57,63,65-67) By increasing the time these nanoparticles 

stay in circulation, there is greater opportunity for contact with antigens, and 
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decrease the need for additional injections.(66) Additionally, by incorporating 

PEG as well as antigen functionalization onto the silica nanoparticles a 

biomimetic concentration of antigen may be targeted. 

 

Silane functionalization of silica has proven successful, and as such, this is used 

for functionalization of both the antigens and PEG.(39,41,45,49,68) This 

functionalization is depicted in Fig. 1.2.i). For functionalization, either antigen or 

PEG silane molecules can be used to directly attach them to the silica 

nanoparticles.(41,49,51) Alternatively, functional silanes can be used to 

funtionalize the nanoparticles as a linker for additional molecules.(38,41,60-

62,68) The functionalized nanoparticles can subsequently react with functional 

groups of the desired molecules for covalent bonding.(38,39,41,60,62,63,68) This 

type of functionalization is depicted in Fig. 1.2.ii). Mixtures of PEG and antigen 

in different ratios can be used in this way to optimize antigen presentation and 

prolong circulation in vivo. 

 

 
Figure 1.3. i) Functionalization of silica nanoparticles has been successful using 
silane derivatives of antigen or PEG molecules.(39,41,49) ii) Functionalization 
using derivatives of desired molecules that are amine reactive with amine-
functionalized silica nanoparticles has also been successful.(38,68) 
 

Stainless steel is one of the most widely used materials for stent construction.(69-

73) The corrosion resistance, biocompatibility, strength, ease of manipulation and 
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low cost of stainless steel make it ideal for the fabrication of stents.(69,74-76) 

However, there is need for coating the stainless steel as ions are released during 

corrosion in vivo.(72,77-80) These ions can be harmful as they consist of 

carcinogens, allergens and they can cause inflammation.(77-83) Additionally, the 

metallic stainless steel is susceptible to one-electron reduction of proteins onto the 

surface, which could cause failure of the tolerogen.(84) Specifically, the one-

electron reduction of fibrinogen involves polymerization, which would coat an 

implant.(85) The formation of a fibrin layer is a normal step in wound 

healing.(86) This layer promotes the attachment of fibroblast cells, which then 

allows for the growth of other cells on top of the implant.(86) This cascade would 

lead to coatings on top of our implants and limit the bioavailability of 

biomolecules on the surface. As such, it is important for the stainless steel to be 

coated with an electrically insulating, biocompatible material such as silica, 

alumina or titania.(84,87-89) The brittle nature of ceramics, however, is a concern 

upon expansion of the stent in vivo.(90-94) Thin films of these ceramic materials 

have been found to adhere more strongly to stainless steel and tend to be more 

flexible than thicker films.(89,95) 

 

Silica is an excellent material for functionalization with organic molecules, 

including biomolecules.(96,97) In coating with ceramic coatings, the surface 

hydroxyl groups lend to functionalization similar to the silane molecule 

functionalization used for silica nanoparticles.(96,98-100) Mixed monolayers of 

both carbohydrate and PEG silanes can be deposited through solution sol-gel 

deposition.(98,101-103) This functionalization is depicted in Fig. 1.3. A depiction 

of sol-gel reactions under both acidic and basic conditions can be seen in Fig. 1.4. 

On these substrates, PEG acts both to prevent nonspecific protein binding and as a 

spacer molecule for antigens.(104,105) 
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Figure 1.4. Silane derivatives of carbohydrates or PEG molecules can be used to 
functionalize silica-coated stainless steel through a sol-gel reaction using 
acid.(96,99,100) 
 

 
Figure 1.5. Sol-gel reactions consist of condensation and hydrolysis reactions. i) 
Under acidic conditions, linear chains of siloxanes are formed. ii) Under basic 
conditions, more highly branched siloxane networks are formed. 
 

Having access to synthetic versions of all 18 ABO blood antigen subtypes 

allowed for development of an improved method and system for ABO blood type 

matching, for a more effective matching for organ transplant. This could better 

determine compatible and incompatible ABO subtypes more effectively and 

accurately.(1) Additionally, this could offer better monitoring of patients 

following organ transplant in order to assess for rejection and indicate if 

intervention is necessary. A simple test of a blood sample could determine 

compatible ABO subtypes. The development of a ABO antigen glycan microarray 

device on a substrate would allow for binding of antigen subtype antibodies. 

Fluorescent antibody detection can then be used for quantitative analysis. By 
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immobilization of the antigens in an ordered arrangement on a solid surface, 

simultaneous quantitative detection can be performed. The attachment of the ABO 

antigens onto silica substrates such as glass slides is an extension of other work 

outlined here. 

 

Additionally, ABO antigen microarrays of the 18 subtypes were prepared using 

microscope slide substrates. Similar to other work, antigens can be attached to 

either silica or amine-terminated surfaces. An array can be fabricated by 

placement of the subtypes using a commercial microarray printer. Blood serum 

samples from ABO typed blood can then be assessed for ABO subtype antibodies 

to better evaluate incompatibilities. 

 

For detection of ABO blood type antigen-specific B cells, antigen-functionalized 

microparticles were developed. These microparticles included PEG in their design 

to reduce the non-specific protein binding, and different fluorophores for ease of 

detection. To identify the rare cell population, microparticles with one of two 

fluorophores, both functionalized with a single antigen were developed. These 

two fluorophores allowed for dual staining to allow for increasing specificity for 

incubation with B cells. With these microparticles as a tool, the isolation of 

specific B cells could allow for studying this mechanism, and a better 

understanding of its role in ABO incompatible organ transplantation. 

 

This project is the subject of a collaborative effort between Dr. Lori West, of the 

University of Alberta Departments of Pediatrics, Surgery and Immunology, Dr. 

Todd Lowary, of the University of Alberta, Department of Chemistry and the 

Alberta Ingenuity Centre for Carbohydrate Science, Dr. Jillian Buriak of the 

University of Alberta, Department of Chemistry and NRC National Institute of 

Nanotechnology, Dr. Christopher Cairo, of the University of Alberta, Department 

of Chemistry and the Alberta Ingenuity Centre for Carbohydrate Science and Dr. 

David Cramb of the University of Calgary, Department of Chemistry. A general 

overview of the tolerogen project is outlined in Fig. 1.5. 
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Figure 1.6. Tolerogen project flowchart. 

 

The main projects involve the development of ABO antigen functionalized stents, 

nanoparticles and microarray slides. The Lowary group is responsible for the 

synthesis of the antigens and work cooperatively with the Buriak group (the group 

of which the research herein pertains to) to functionalize substrates. Additionally, 

the Buriak group is responsible for the surface preparation of stents, the 

preparation and surface preparation of nanoparticles and microparticles. The West 

group is responsible for animal testing and implantation and isolation of B-cells. 

The Cramb group is responsible for imaging of nanoparticles in an animal model, 

tracking the nanoparticles in tissue to assess their toxicology. The Cairo group is 
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responsible for studying nanoparticle interactions with cell receptors to optimize 

tolerogen utility. 

 

Of particular interest for the work explained herein, the Lowary group was 

involved in the characterization of functionalizations. In particular, the 

development of enzyme-linked lectin assays (ELLAs) for the monosaccharide 

model compounds and a fluorenylmethyloxycarbonyl (Fmoc) detection method to 

assess amine functionalization of nanoparticles and microparticles. The Lowary 

group also performed the synthesis of all of the carbohydrates used herein. The 

West group is responsible for the porcine animal testing, the antibody detection 

and cell detection. The antibody detection was a good indicator for antigen 

presentation, allowing the assessment of the refinement of functionalizations. The 

Cramb group is responsible for characterizing the circulation of nanoparticles in 

chicken embryos. The Cairo group is responsible for the fluorescence imaging of 

ELLAs. 

 

The Buriak group and the work performed directly by me involved the 

preparation and functionalization of substrates. Chapter 2 entails the coating of 

stainless steel. For implant success, the stainless steel requires effective electrical 

insulation to prevent nonspecific protein binding. Silica coatings were deposited 

by solgel dip-coating and electrodeposition and atomic layer deposition. Each 

type of coating was evaluated for the uncoated area, or the electroactive area. The 

coatings were also evaluated for texture by SEM and AFM. The thickness of the 

films was evaluated by variable angle spectroscopy ellipsometry. The silica 

coatings were also evaluated by FTIR, X-ray photoelectron spectroscopy (XPS), 

and Auger electron spectroscopy. Additionally, silica and titania coatings 

deposited by atomic layer deposition (ALD) were stressed by three-point bending 

in an attempt to simulate stress caused to stents upon deployment in an artery. 

These stressed films were then reevaluated for their electroactive area in order to 

indicate any changes in the film structure. 
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In Chapter 3, the functionalization of silica ALD films was evaluated. 

Monosaccharides were first used as model compounds to assess functionalization 

before the functionalization with the more valuable tetrasaccharide antigens was 

explored. Poly(ethylene glycol) was functionalized to prevent nonspecific binding 

of proteins to preserve the integrity of the implants. Mixtures of monosaccharide 

and PEG silanes were used to functionalize oxidized porous silicon for evaluation 

by FTIR. Then silica-coated stainless steel was functionalized with these 

monosaccharide and PEG silanes for evaluation by XPS and ELLA for detection 

by UV-Vis. Silica-coated stainless steel were also functionalized with 

tetrasaccharide and PEG silanes and evaluated by XPS and enzyme-linked 

immunosorbent assay (ELISA) again for detection by UV-Vis. Additionally the 

tetrasaccharide and PEG silane-functionalized silica-coated stainless steel were 

incubated in blood plasma and again evaluated by ELISA as detected by UV-Vis. 

Additionally, silanes were used to functionalize spots on microscope slides in 

order to develop microarrays. These microscope slides were characterized by 

ToF-SIMS and ELISA. They were also used to detect antibodies in human blood 

plasma in order to identify incompatible blood types based on antibody presence 

rather than based on the antigen presence. 

 

Chapter 4 deals with the preparation of silica nanoparticles and microparticles by 

the sol-gel or Stöber synthesis. Different sizes were evaluated by SEM images and 

dynamic light scattering (DLS). The charge of the particle surface was evaluated 

by zeta potential measurements. Functionalization of these nanoparticles with 

simple amine and PEG silanes were evaluated by DLS and zeta potential 

measurements. Different silica NP architectures were also developed for 

fluorophore and magnetic NP incorporation. The fluorescence was evaluated 

fluorescence by fluorescence imaging, flow cytometry and two-photon excitation 

fluorescence correlation spectroscopy. Additionally, magnetic iron oxide 

nanoparticles were characterized by transmission electron microscopy. 
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Finally in Chapter 5, the functionalization of the prepared nanoparticles and 

microparticles was evaluated. Different methods of functionalizing these surfaces 

were assessed. Monosaccharide silanes in a mixture with PEG silanes were used 

for functionalization and were detected using fluorescent lectins, specific for the 

monosaccharides. Mixtures of simple silanes, specifically thiol and PEG silanes, 

were detected using XPS. The functionalization of amine silanes on the surface of 

nanoparticles and microparticles was optimized using a semi-quantitative Fmoc 

assay as detected by UV-Vis absorbance spectroscopy. Tetrasaccharide ABO 

blood type antigens were also used to functionalize silica nanoparticles and 

microparticles with the amine silane as a linker molecule. Dual detection of 

tetrasaccharide functionalized fluorescent microparticles was performed for both 

the fluorescent antibody used in the ELISA for specific antigen detection and the 

fluorescent microparticle, fluorescing at different wavelengths by flow cytometry. 

Using a PEG antibody, PEG was also detected on functionalized microparticles 

by flow cytometry. The results are explained within. 
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CHAPTER 2 – COATING OF STAINLESS STEEL 
 

INTRODUCTION 

Coronary artery disease is a leading cause of death in North America and around 

the world.(1-3) The most commonly used treatment for atherosclerosis is 

angioplasty and stent implantation.(4-8) Stents are mesh tubes that act as a 

scaffold to keep an artery open and prevent the narrowing of arteries, or 

restenosis, after being expanded by a balloon.(9-15) An SEM image of a stent can 

be seen in Fig. 2.1. An estimated 400,000 stents are used in the U.S., and 4 

million are used worldwide annually.(1,16) Of the stents approved by the U.S. 

Food and Drug Administration (FDA), most are stainless steel-based.(9,17-19) 

Stainless steel is used because it is resistant to corrosion, it is strong, it is easy to 

manipulate and it is inexpensive.(1,20,21) However, in-stent restenosis frequently 

occurs, a cascade of biological events ending in the re-narrowing of the artery, 

which is effectively a failure of the implant.(2,4,6,17,22,23)  

 

 
Figure 2.1. SEM image of a tilted stainless steel stent. 

 

One suggested cause of this failure is ions released during the corrosion of 

stainless steel.(5,15,18,24,25) The release of nickel and chromium ions, known 
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carcinogens, can cause allergic reactions and inflammation.(5,15,16,24-27) To 

overcome such issues, drug eluting stents (DESs) have been developed.(12,25,28-

30) FDA-approved DESs are generally stainless steel stents with a polymer 

coating.(31-33) This polymer then releases a drug, which prevents 

restenosis.(2,14,23,31-38) Although it has been found that these DESs prevent 

restenosis, late stage thrombosis, the formation of a clot and renarrowing of an 

artery, can occur. (2,6,17,30,32-34,36,37,39-41) 

 

In light of the issues with DESs, the coating of stainless steel stents, particularly 

with polymers, has become a growing area of research. One advantage of coating 

with polymers is that they can be applied in a number of different ways – 

electropolymerization, spray coating, dip coating, chemical vapour deposition, 

and even grafting. (40,41) Although polymethacrylates and a variety of 

fluorinated polymers have proven viable, biocompatible polymers such as 

polypyrroles and polylactic acids have been of particular 

interest.(3,12,15,28,29,31,32,34,35,37) PEG coatings have also been studied for 

their ability to enhance biocompatibility and anti-fouling properties of 

implants.(14,42-46) However, conformal coatings have been problematic, and 

some of these coatings have been found to trigger an adverse immune response or 

degrade over prolonged periods of time.(12,15,29,34,37) Fig. 2.2i depicts this 

type of polymer coatings that can degrade over time. Bonding of polymer to 

stainless steel surfaces has shown to enhance the stability of the coating during 

expansion of the stent and biological tests.(31,32,40) To this end, silanes have 

shown promise and have provided a method that allows the addition of molecules 

other than polymers.(43,44,47-49)  

 

Other research has focused on ceramic coatings on stainless steel in part for their 

ability to protect metals from corrosion, and in part for a means to which desired 

molecules can be chemically bound.(7,49-52) Sol-gel coatings have shown 

promise in producing such corrosion resistance on stainless steel.(53,54) Sol-gels 

are appealing because they involve solution processes that are cheap and easy to 



 25 

apply a ceramic coating, and they allow deposition onto various 

geometries.(55,56) Sol-gels are deposited in a variety of methods such as dip 

coating, spin coating, spray coating, and electrodeposition.(50,57) Sol-gels are 

also extremely versatile – different materials including titania, silica and alumina 

films can all be fabricated from sol-gels.(56,58) Controlling certain experimental 

factors like pH, solvent composition, and molecular precursors can also control 

the characteristics of the resulting product.(50,55) Of the different coatings, silica 

is the most common, and dip coating has proven a convenient, effective method in 

applying a homogeneous silica sol-gel thin film onto stainless steel.(49,57,59) On 

the other hand, electrodeposited films are uniform, have controllable thickness 

and improved corrosion resistance.(55,60) 

 

 
Figure 2.2. i) Polymer coatings on stainless steel tend to degrade over time in 
biological environments.(12,15) ii) Coatings on stainless steel using silane 
molecules show improved stability.(48,49) iii) Ceramic coatings deposited on 
stainless steel using sol-gel reactions have also shown stability in biological 
environments. (53,54,57,59) 
 

It is important for stainless steel to be electrically isolated to prevent the one-

electron reduction of fibrinogen (a cell adhesion protein) onto the surface of the 

stent, which would render functional stents useless.(39) Specifically, silica, 

alumina and titania have shown promise due to their biocompatibility and their 
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insulating properties (or low electron conductivity in the case of 

titania).(39,50,61,62) Titania coatings have been found to reduce adhesion of 

fibrinogen and can be used as a platform to bind organic molecules that are stable 

in vivo.(7,39) Silica coatings on stainless steel have proven good surfaces to 

securely bind organic molecules.(49,63) The adhesion of thinner films rather than 

thicker ones to stainless steel has been demonstrated for titania.(64) Additionally, 

atomic layer deposition (ALD) has been proven to produce highly uniform, 

pinhole-free coatings even as thin layers and over complex geometries, and have 

improved the stability of self-assembled monolayers.(62,65,66) This technique 

involves precise control over the dosing of gas precursors into a vacuum chamber. 

Cycles of different precursor dosing steps and purging steps made possible by 

ALD offer the opportunity to reproducibly create such conformal, thin films. This 

stepwise process is outlined in Figure 2.3. However, the brittle nature of ceramic 

coatings may be an issue – from handling to deployment, the coating could 

change, and therefore alter the integrity of the coating.(3,41,55,67,68) 

 

 
Figure 2.3. Depiction of thin film formation by atomic layer deposition (ALD) in 
which dosing of precursors and reactants are cycled with purging and stabilizing 
steps. 
 

Here, stainless steel is coated with biocompatible materials through sol-gel 

deposition (silica) and ALD (silica, alumina or titania) for use in biomedical 
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applications. These coatings were evaluated for conformal coatings through cyclic 

voltammetry and were characterized by FTIR, XPS, EIS, VASE, SEM, AFM and 

AES. Coatings were stressed in a consistent, controllable method using three-

point bending. Such bending tests have previously been used to study the 

structural integrity of ceramic films.(69) These coatings were then evaluated for 

their structural integrity through electrochemical evaluation. Following the 

evaluation of films, the ideal substrates can subsequently be functionalized 

through the addition of specific silanes. Much of this data was previously 

published and patented.(70,71) 

 

RESULTS AND DISCUSSION 

The goal of this portion of work is to determine an ideal interlayer, the best 

possible coating on stainless steel for further functionalization with desired 

molecules. Stainless steel was chosen as a substrate because it is one of the most 

widely used materials in biomedical implants and more specifically, for 

stents.(9,17-19) An SEM image of a stent can be seen above in Fig. 2.1.  

 

Stainless steel spontaneously forms a passivating surface layer less than 10 nm 

thick, which generally inhibits further corrosion. However, in biological 

environments, corrosion of stainless steel can occur over time, and may cause the 

release of undesirable ions.(5,15,24-27) Additionally, one-electron reductions on 

the surface of stainless steel could cause a cascade on the surface of a biomedical 

implant that could lead to the loss of its utility.(12,15,29,34,37) For these two 

reasons, an insulating metal oxide coating was selected. Of the numerous options 

available, silica, alumina and titania offered two additional desirable properties – 

biocompatibility and ease of functionalization.(7,39,50-52,61-63) 

 

A number of different deposition methods have been developed to deposit metal 

oxide thin films onto substrates. In order to evaluate the three deposition 

techniques of sol-gel dip coating, electrodeposition, and atomic layer deposition 

(ALD), a single metal oxide, silica, was selected. The functionalization of silica 
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surfaces has been well studied and is well understood. Below, the three different 

deposition techniques are depicted in Fig. 2.4. 

 

 
Figure 2.4. A depiction of the three deposition methods used to compare silica 
thin film coatings on 316L stainless steel: i) dip coating, ii) electrodeposition, or 
iii) atomic layer deposition. Adapted with permission from (70). Copyright 2011 
American Chemical Society. 
 

The silica coated stainless steel samples prepared by sol-gel dip coating and ALD 

were characterized by FTIR. Similar peaks were found in the spectra for each 

silica-coated stainless steel sample. Many characteristic peaks were found in the 

spectra, demonstrated in Fig. 2.5 and summerized in Table 2.1. Si-O-Si and Si-O 

asymmetric stretches were found in each spectrum, indicating the presence of 
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silica on each sample.(49,72) However, the presence of silica on the surface of 

these samples does not give a clear indication of the quality of the coating on 

stainless steel. 

 

 
Figure 2.5. Characteristic infrared spectra of a variety of stainless steel samples, 
either uncoated or coated with silica. The sample labels correlate to Table 2.2. 
 

Table 2.1. Infrared stretching frequencies found in stainless steel 316L coated 
with silica. 
Frequency (cm-1) Assignment 
1190 Si-O asymmetric stretch 
1140 Si-O-Si asymmetric stretch 
1090 Si-O-Si asymmetric stretch 
 

To assess the electrical accessibility of the stainless steel beneath the different 

silica coatings, the silica-coated stainless steel coupons were used as a working 

electrode in a standard three electrode cell as depicted in Fig. 2.6. The 

electroactive area of each sample was determined using cyclic voltammetry – an 

excellent way to detect faults in these insulating films.  The idea behind this is 

demonstrated in Fig. 2.7. As depicted, the reduction of Ru3+ to Ru2+ is possible on 



 30 

stainless steel, however, does not occur effectively on stainless steel coated with 

an insulating metal oxide coating like silica, alumina or titania. The amount of 

reduction of Ru3+ to Ru2+ is proportional to the area above the reduction peak. The 

area that is ineffectively coated, or that is electroactive, can be calculated from 

this area above the reduction peak. 

 

 
Figure 2.6. Experimental setup for electroactive area evaluation by cyclic 
voltammetry. Adapted with permission from (70). Copyright 2011 American 
Chemical Society. 
 
 

 
Figure 2.7. The reduction of a species such as Ru3+ to Ru2+ can take place on a 
conductive surface like stainless steel (left), however does not occur on a well-
insulated surface such as stainless steel coated with a metal oxide thin film (right). 

Ru3+ Ru2+ Ru3+

Metal Oxide
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In Fig. 2.8i, representative cyclic voltammograms of clean 316L stainless steel 

and the PEG trimethoxysilane functionalized stainless steel are shown as A and B, 

respectively. Clearly, the two curves are qualitatively similar, indicating that the 

PEG coating is not electrically blocking to any great extent. The effective 

electroactive area of an electrode can be calculated from a plot of cyclic 

voltammogram peak current versus scan rate1/2 using the Randles-Sevcik 

equation.(73) The calculated electroactive area was divided by the area of the 

working electrode exposed to the electrolyte and was expressed as a percentage. 

For further details, refer to the experimental section. The values listed in Table 2.2 

were averaged over six samples. Notable variation was observed between samples 

considering all were cut from the same 10 cm x 10 cm stainless steel foil. These 

variations can be attributed to the difference in composition of the alloy from one 

area to another and the resulting passivation layer.(74) Indeed, it can be observed 

in comparing the calculated electroactive area of clean 316L stainless steel to that 

of the PEG functionalized surface from Table 2.2 that there is little difference 

between the two as they are within experimental error. The presence of the metal 

oxide passivation layer is likely, in part, responsible for the calculated 

electroactive area of clean 316L stainless steel at 83% (± 5%), which is less than 

100% expected for an ideal conductor.  

 

From the subsequent data in Table 2.2 obtained for the electroactive area of other 

silica layers using dip-coating methods in our studies, it can be observed that 

effective electric insulation has not been achieved. Silica films deposited by dip-

coating methods could only reduce the electroactive area by up to 20%. On the 

other hand, it can be observed that electrodeposition proved a more effective 

means of depositing an electrically insulating silica thin film under our conditions 

– more than twice as effective in reducing the electroactive area of stainless steel 

in the case of electrodeposited TEOS. However, the electroactive area was 

reduced to below detectible limits using cyclic voltammetry when the silica thin 

film is deposited by ALD. This is also apparent in Fig. 2.8ii where no reduction 

peak can be observed in the CV. The functionalization of this ALD coated surface 
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with PEG silane does not alter, but may improve this electrical insulation. These 

results remain unaltered after applying scotch tape to the substrates. 

 

 
Figure 2.8. For all plots (i – iv) the red line (A) denotes clean 316L SS; the green 
line (B) is PEG silane functionalized 316L SS; the yellow line (K) is 316L SS 
coated with 5 nm of SiO2 deposited via atomic layer deposition (ALD); and the 
purple line (L) is PEG silane functionalized ALD deposited SiO2 on 316L SS. i) 
Cyclic voltammograms of A, B, K and L over the voltage range 0.0 V to -0.4 V 
versus Ag/AgCl in saturated KCl solution with 2 mM Ru(NH3)6Cl3. ii) Cyclic 
voltammograms of K and L over the same voltage range. iii) Bode plot (phase 
versus frequency) of EIS response of A, B, K and L. iv) Nyquist plot of EIS 
response of A, B, K and L; inset shows only A and B on a smaller scale. Adapted 
with permission from (70). Copyright 2011 American Chemical Society. 
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Table 2.2. Electroactive area (measured by CV), film thicknesses (as determined 
by variable angle spectroscopic ellipsometry (VASE)), and fraction of Fe, Cr, Mo 
and Ni metals (as observed by low resolution XPS). Refer to Surface 
Characterization in the Experimental for further details. Adapted with permission 
from (70). Copyright 2011 American Chemical Society. 

Sample Electroactive 
Area (%) 

Film 
Thickness 
(nm) 

% Metal 

Reference    
   A) Clean 316L SS 83 (5) 6 11 (3) 
 
Dip Coating    

   B) PEG silane 78 (10) 7 4 (1) 
   C) 1,2-bis (trimethoxysilyl) ethane 67 (5) 8 1.2 (0.6) 
   D) 100% TEOS (No Curing) 79 (8) 6 3.0 (0.6) 
   E) 100% TEOS 75 (10) 8 6 (1) 
   F) 1:1 TEOS:100% EtOH 66 (8) 6 10 (1) 
   G) 1:1 TEOS:95% EtOH/AcOH 68 (8) 7 6 (2) 
   H) 1:1 TEOS:95% EtOH 73 (8) 8 8 (2) 
 
Electrodeposition    

   I) Electrodeposited PEG silane 54 (9) 40 0.7 (0.4) 
   J) Electrodeposited TEOS 18 (14) 103 2(2) 
 
Atomic Layer Deposition    

   K) ALD SiO2 0 (0) 11 0.7 (0.3) 
   L) ALD SiO2 - PEG silane 0 (0) 23 0.03 (0.04) 

 

The little difference in electroactive area in Table 2.2 between the clean stainless 

steel (A) and the PEG silane dip-coated (B) samples is not surprising given the 

thickness of the dip coated PEG silane coating. Variable angle spectroscopy 

ellipsometry (VASE) measurements of (B), the PEG silane functionalized surface, 

attribute a Cauchy dielectric thickness of 7 nm versus 6 nm for clean stainless 

steel (A), also in Table 2.2. In fact, there is negligible difference between the 

curve-fitted VASE data from each of the dip-coated silica coatings (samples B-

H). The thickest coatings were obtained by electrodeposition (samples I and J), 

followed by ALD (samples K and L). Although the electrodeposited coatings are 

thicker according to the VASE measurements, they are less electrically insulating 
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than the ALD silica coatings on stainless steel as demonstrated by the larger 

electroactive areas of the electrodeposited samples. To further examine the 

electrodeposited films, an SEM image was obtained of the thickest coating 

according to the VASE measurements, the electrodeposited TEOS coating (J), and 

is shown in Fig. 2.9. It is evident from the SEM image that portions of the film 

obtained by this method are quite thick. However, the film is inconsistent and 

rough, giving rise to the incomplete electrical insulation of the stainless steel. The 

averaged thickness value offered by the VASE measurement cannot reflect this 

inconsistency, highlighting the necessity of corroborating data.  

 

 
Figure 2.9.  Scattered electron SEM image from the side of a 316L stainless steel 
coupon with a TEOS electrodeposited silica coating (J). Adapted with permission 
from (70). Copyright 2011 American Chemical Society. 
 

Additional topography comparisons were performed by AFM. The results from 

clean stainless steel, and dip coated and ALD silica coated stainless steel can be 

compared in Fig. 2.10. These results indicate that there is no discernable 

difference between the samples on this scale. The topography of the stainless steel 

is so rough that any differences that arise from the silica deposited by dip coating 

and ALD are negligible.  This was also found by SEM imaging (not shown). 
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Figure 2.10. AFM height images of i) clean SS, and ii) PEG, iii) Heat Cure 50% 
TEOS: 50% EtOH, and iv) silica ALD on stainless steel 316L. The height scale is 
to the left for all samples. 
 

In contrast to the TEOS electrodeposited silica coating, the film thickness is of the 

silica ALD coating is very thin, less than 15 nm thick according to VASE. Yet the 

thinner silica ALD coating demonstrates superior insulating properties on 

stainless steel, apparent by the effective electroactive area of 0%. Some 

interesting observations can be made in comparing the ALD silica coated stainless 

steel subsequently functionalized with PEG silane and the PEG silane 

functionalized 316L stainless steel (L and B respectively) in Table 2.2. From Fig. 

2.8i), the representative cyclic voltammograms of ALD SiO2 coated stainless steel 

(K) and PEG silane functionalized ALD SiO2 coated stainless steel (L) can be 

directly compared with those of clean 316L stainless steel (A) and PEG silane 

i)$ ii)$

iii)$ iv)$
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functionalized stainless steel (B). The cyclic voltammograms of both the ALD 

coated samples appear as flat lines on the same scale as clean and PEG silane 

functionalized stainless steel. Clearly, the ALD SiO2 coating effectively insulates 

the stainless steel samples. Fig. 2.8ii shows the cyclic voltammograms of ALD 

coated stainless steel and PEG silane functionalized ALD coated stainless steel on 

a smaller current scale. On this scale it is apparent that the shape of the cyclic 

voltammograms of the ALD SiO2 coated samples are different from that of the 

clean and PEG silane functionalized stainless steel. The small amount of current 

measured in the cyclic voltammogram is due to capacitive charging of the system. 

No reduction peak is present in either cyclic voltammograms, which indicates that 

no pinholes are present in the ALD SiO2 coating. If this were not the case, the 

Ru(NH3)6
3+ species would be able to undergo reduction at the stainless steel 

working electrode of the cell, and thus to the sensitivity limit of our apparatus, the 

ALD silica coating acts as a perfect blocking layer. 

 

The different silica-coated stainless steel surfaces were also examined with low 

resolution X-ray photoelectron spectroscopy (XPS). The atomic percentages of 

silicon and alloy metals (i.e., Fe, Cr, and Ni) for each of the samples are presented 

in Fig. 2.11. The atomic percentages of silicon for each of the samples do not 

correlate with either the electroactive area measurements or the thickness 

measurements. In particular, samples I-L have the thickest coatings according to 

VASE measurements and the smallest electroactive areas according to cyclic 

voltammetry, yet have no apparent correlation in their percentages of silicon and 

alloy metals in comparison to the rest of the samples. However, it can be observed 

that well-insulated samples from Table 2.2 generally have high silicon content 

and low alloy metal content. Exceptions to this exist where silanes used to coat 

the stainless steel have silicon-carbon bonds, which are unreactive under the sol-

gel (both dip-coating and electrodeposition) reaction conditions. Although an 

alkoxysilane functionality can undergo hydrolysis and condensation reactions to 

produce Si-O-Si from the Si-O-C in the precursors, a Si-C bond will remain 
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intact.(58,72) A large carbon content, which remains a part of the attached silane 

on the surface, in turn decreases the percentage of silicon detected.  

 

 
Figure 2.11. Elemental composition in atomic percent determined by low 
resolution XPS. Alloys metals are the sum of Fe, Cr, Mo and Ni signals. Adapted 
with permission from (70). Copyright 2011 American Chemical Society. 
 

Additionally from Fig. 2.11, the alloy metal (i.e., Fe, Cr, and Ni) atomic 

percentages in the clean and PEG silane functionalized surfaces (samples A and B 

respectively) revealed significant decrease from 11% to 3%, which can be 

attributed to an increased carbon and oxygen atomic percentage from the 

poly(ethylene glycol) chains. The detection of metal signals in the XPS spectrum 

of the electrodeposited PEG silane functionalized surface (sample I) can be 

attributed to incomplete surface coverage, as VASE measurements estimate a 40 

nm thickness, but the cyclic voltammetry indicates that the electroactive area is 

around 50%. Another notable observation is that the most insulated samples (K 
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and L) also have the smallest standard deviations associated with them. This 

correlates well with the electroactive area measurements. This may be indicative 

of a more uniform and consistent coating of the stainless steel being achieved 

through ALD.  

 

The fine control of silica film thickness in an ALD experiment is demonstrated in 

Fig. 2.12. In this experiment, ALD was performed on cleaned silicon substrates 

using the parameters described in the experimental section, varying only the 

number of repeat cycles in the ALD process.  A linear thickness evolution was 

observed and a growth rate of 0.123 nm/cycle was determined. 

 

 
Figure 2.12.  Plot of the dielectric thickness measured by VASE for a selection of 
silica thin films deposited by ALD. Adapted with permission from (70). 
Copyright 2011 American Chemical Society. 
 

One point of note is that the silicon atomic percentages determined by XPS were 

similar between clean and PEG silane coated stainless steel at approximately 

15%, as averaged over five spots per sample, as shown in Fig. 2.11. The presence 



 39 

of silicon in the stainless steel coupons was verified by EDX. Depth profiling of 

the clean 316L stainless surface, and the silicon, oxygen and chromium was 

evaluated by high resolution XPS. This data is presented in Fig. 2.13. These 

spectra revealed that only the top 2 nm contained appreciable silicon, and the 

elimination of this silicon signal was correlated with a chromium peak shift from 

576.5 eV to 574.1 eV which indicates a change from Cr(III) to Cr(0).(75,76) 

Since chromium oxide is the major component of the native passivation oxide of 

stainless steel, and the metallic chromium indicates the end of the surface oxide, 

accordingly, the silicon contamination is restricted to the passivation layer of the 

clean 316L. This additional silicon in the oxide passivation layer may have also 

contributed to a decrease in the electroactive area from the expected 100% of the 

clean 316L stainless steel surface noted previously. The silicon may be present at 

the surface due to the casting or cutting process.(77) 

 

 
Figure 2.13. High resolution XPS of i) Si2p ii) O1s and iii) Cr2p peaks from a 
clean stainless steel coupon. A sputtering rate of 0.5 nm per minute was used in 
order to get a depth profile. Adapted with permission from (70). Copyright 2011 
American Chemical Society. 
 

Stainless steel stents were also used as substrates and were evaluated by Auger 

electron spectroscopy (AES) to compare their elemental composition. Two of 

these evaluations are presented in Fig. 2.14 and 2.15 where one stent was 

evaluated as received and the second stent was functionalized with silica by dip 
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coating using the 100% TEOS procedure. In contrast to the stainless steel 

coupons, no silicon was detected in the uncoated stainless steel stents. However, 

silicon was detected in the stent coated with silica by dip coating. From this data, 

further study was done on this type of dip coating. Preliminary assessment of the 

functionalization silica coated stainless steel was performed on this type of 

coating, which will briefly be discussed in the functionalization chapter. 

 

 
Figure 2.14. i) A scanning electron micrograph (SEM) of an untreated 316L 
stainless steel stent.  The crosses indicate sample points at which Auger electron 
spectroscopy (AES) was performed.  The scale bar is 2 µm. ii) AES of an 
untreated 316L stainless steel stent. The spectra reveal signals for Fe, Cr, Ni, C, 
and O but not silicon.  
 

i)$

ii)$
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Figure 2.15. i) An SEM of a 316L stainless steel stent covered with an SiO2 layer, 
prepared using a TEOS dip.  The crosses indicate sample points at which Auger 
electron spectroscopy (AES) was performed.  The scale bar is 2 µm. ii) AES of 
seven spots on a SiO2 coated 316L stainless steel stent. The spectra reveal signals 
for Fe, Cr, Ni, C, and O, as well as Si.  The signal for silicon is expected at a 
binding energy of approximately 1615 eV, and has been highlighted with a 
rectangle in ii). 
 

To further evaluate ALD coatings, three different metal oxides, silica, alumina, 

and titania, were chosen to coat stainless steel by ALD. Limited evaluation of the 

alumina coating was performed, which is discussed below. However, to evaluate 

the adherence of the silica and titania coated stainless steel, they were stressed by 

three point bending using a dynamic mechanical analyzer, shown in Fig. 2.16. 

i)$

ii)$
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This was done to determine the optimal surface treatment and coating for stents 

upon stressing since stents are expanded during implantation. Three point bending 

offered a consistent, controllable method of performing stressing on the stainless 

steel coupons. This stressing was performed for an hour on each of the uncoated 

stainless steel, the stainless steel coated with silica, and the stainless steel coated 

with titania.  

 

 
Figure 2.16. Three point bending is used to reproducibly stress the stainless steel 
coupons uncoated and coated by ALD with silica or titania. 
 

Additionally, three different surface treatments were used to ensure optimal 

surface condition of the stainless steel for increased adhesion of the ceramic 

coatings fabricated by ALD. Depending on the surface cleaning method, the 

concentration of hydroxy groups present on the stainless steel surface 

varies.(2,49,78,79) Given a sufficiently hydroxy rich surface, alkoxysilanes tend 

to form covalent bonds primarily with the surface and do not cross-polymerize 

with neighbouring alkoxysilanes. However, if there are insufficient hydroxy 

groups to satisfy the bonding of the trialkoxysilanes to the surface, they will tend 

to bind to each other rather than the stainless steel surface.(80) By extension, it is 

useful to know if the surface treatment method could enhance the adherence of the 

silica or titania ALD coatings.  In order to fabricate a thin, conformal coating, 

surface hydroxides are required. Surface treatments used to hydrolyze the surface 

include a piranha dip, a nitric acid dip or an air plasma clean in an attempt to 
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enhance the bonding of thin ceramic coatings to the native oxide of stainless steel. 

Piranha dip was previously used to hydroxylate silica substrates in order to 

functionalize them with silanes.(2,70,81) Nitric acid treatments have also shown 

promise for attachment of further coatings such as silica.(78) Air plasma has 

previously been used on stainless steel to then coat with silica.(49,79) All samples 

were made and evaluated in triplicate to ensure statistical significance.  

 

To determine the consistency of these films following stressing, the electroactive 

area was calculated from cyclic voltammetry measurements. Again, this is an 

effective method to determine the difference between a well-insulated pin-hole 

free coating and a coating with faults which is ineffective in insulating a metallic 

substrate. To ensure consistency in the evaluation of substrates, only one side of 

the stainless steel coupons was coated and a fixed area was evaluated with cyclic 

voltammetry and the ruthenium solution was replenished from the same stock 

solution for the evaluation of each substrate. The electrochemical cell setup is the 

same as shown above in Fig. 2.6.  

 

It was determined that after an hour of stressing by three point bending, all the 

silica-coated samples were still consistently electrically insulated, whereas a 

couple of the titania coated samples were less electrically insulating. This can be 

seen in the cyclic volatmmagrams, in Fig. 2.17. The CV in blue of stainless steel 

demonstrates a clear reduction peak. The CV in orange of stainless steel with the 

silica ALD coating demonstrates that it is well-insulated. The CV in purple of 

stainless steel with the titania ALD coating demonstrates that it is well-insulated 

in comparison to uncoated stainless steel, but that it is slightly less effective than 

the silica coating. The CV in green of the stainless steel with titania ALD coating 

after bending demonstrates an example where following bending, the titania 

coating is no longer effectively insulating. Specifically, of the titania coatings that 

were no longer effectively insulating following bending, the surface treatments 

were different – one was subjected to a piranha dip while another was plasma 

cleaned. So, although silica was determined to be the ideal ceramic coating since 
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it moderately outperformed the titania coatings, the surface treatment had little 

impact on the adhesion of the coatings. 

 

 
Figure 2.17. Representative cyclic voltammagrams (CV) of the stainless steel 
(SS) and stainless steel coated by ALD with silica and titania, and titania 
following three-point bending which is no longer electrically insulating. 
 

Although preliminary electrochemical data for alumina ALD films was obtained, 

the silica ALD films performance under stress conditions could not be surpassed 

within the limits of our experimentation. These alumina thin films were also 

promising in their functionalization with specific silanes (discussed in the 

following chapter). However, silica is an easier substrate to work with – the native 

oxide layer of silicon wafers could be functionalized with specific silanes and be 

directly characterized by IR (since silicon is IR transparent). Additionally, glass 

microscope slides and silicon wafers were readily available, which offered 

additional characterization that would have been more difficult to obtain for 

alumina. As such, further study of the alumina ALD film was not performed. 
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The silica ALD coatings have better insulating performance characteristics than 

the other types of coatings as characterized by cyclic voltammetry. Additionally, 

the coatings are thin, as shown by VASE data, and the coatings are conformal, as 

shown by the AFM images. Silica ALD coatings on stainless steel also 

outperform titania ALD coatings under stress conditions. 

 

CONCLUSIONS 

Silica coatings deposited by ALD on stainless steel was determined to be an ideal 

substrate for application on stents. They outperform silica thin films deposited 

onto stainless steel both by dip coating and by electrodeposition of sol-gels, as 

characterized by cyclic voltammetry and corroborated by the EIS. They also offer 

a thinner, more conformal coatings as determined by VASE and SEM, which 

seemed to be corroborated by XPS data. Silica thin films also moderately 

outperformed the titania coating on stainless steel under stress conditions as 

performed by three point bending and evaluated by cyclic voltammetry by 

determining the electroactive area. The surface pretreatment of the surfaces does 

not appear to greatly effect quality of the ALD metal oxide coatings. The ALD 

silica coated thin films on stainless steel were subsequently functionalized with 

specific silanes, as explained in the next chapter. 

 

EXPERIMENTAL 

Materials.  

Nitric acid and sulphuric acid were purchased from J. T. Baker and used as 

received. Hydrogen peroxide, methylene chloride and acetone were purchased 

from Fischer Scientific and used as received. Glacial acetic acid, sodium chloride 

(ACS grade), magnesium chloride hexahydrate (ACS grade), potassium chloride 

(ACS grade), calcium chloride (anhydrous), and sodium bicarbonate (ACS grade) 

were purchased from EMD and used as received. 100% ethanol was purchased 

from Commercial Alcohols and used as received. Tetraethyl orthosilicate (reagent 

grade, 98%), 3-mercaptopropyl trimethoxysilane (MPTMS), 1,2-
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bis(trimethoxylsilyl)ethane, and potassium chloride (99.999%) were purchased 

from Aldrich and used as received. 2-[methoxy(polyethyleneoxy)propyl]-

trimethoxysilane (6-9 or 9-12 repeat units; referred to as PEG silane) was 

purchased from Gelest Inc. and used as received. 18 MΩ (Barnstead) water was 

freshly generated before use. 0.9 mm thick and 0.1 mm annealed, mirror polished 

both sides stainless steel AISI 316L (Fe/Cr18/Ni10/Mo3) foil was purchased from 

Goodfellow Cambridge Limited. [Ru(NH3)6]Cl3 was purchased from Strem 

Chemcials, and used as received. Palmaz-Schatz PS204C balloon expandable 

stainless steel stents were obtained from Johnson & Johnson (Miami, FL). 

 

Methods. 

Preparation and cleaning of stainless steel coupons 

The 0.9 mm thick 316L stainless steel foil was rinsed with chloroform, ethanol, 

and pentane before being cut typically into 1 cm x 1 cm pieces with a press. 

Samples that were coated by electrodeposition were cut into 2.5 cm x 0.5 cm 

pieces or 1.5 cm x 1.5 cm to fit in the electrochemical setup shown in Fig. 2.6. 

Thinner stainless steel foil (0.1 mm) was used for the DMA studies, and they were 

cut into pieces 2.5 cm x 1.1 cm, which also allowed for the standardized 

electrochemical characterization. All samples of 316L stainless steel substrate 

were ultrasonically cleaned for 10 minutes in four solvents (18 MΩ H2O, CH2Cl2, 

acetone, ethanol). Subsequently, the stainless steel sample was treated with air 

plasma for 60 minutes at a pressure of ~ 0.8 mTorr (Harrick Plasma, PDC32G, 

18W).(82)  

 

The different surface treatments of stainless steel samples before ALD coating 

involved dipping into either nitric acid or piranha for 15 minutes instead of the air 

plasma treatment for 60 minutes. A 5% nitric acid was in 100%ethanol using 70% 

nitric acid.(78,81) The piranha solution was prepared from a 1:3 mixture of 

concentrated sulfuric acid: 30% hydrogen peroxide. [WARNING: The preparation 

of piranha solution is highly exothermic, and the mixture extremely reactive 

toward organic solvents. Preparation and use of piranha should be performed 
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with extreme caution!] The piranha-cleaned substrates were washed with copious 

amounts of 18 MΩcm water to dilute the reactive piranha, and dried with 

nitrogen. In the majority of procedures samples were heat cured for 15 minutes at 

110˚C in a Thelco laboratory oven model 130DM. 

 

 For samples that were examined electrochemically, the stainless steel foil was 

covered on one side with adhesive putty, which was pressed onto a glass slide so 

that 6 samples could be prepared in tandem. This left one side unexposed to the 

silica precursor solutions. Following the dip procedure, the sample side exposed 

to the adhesive putty was rinsed with water, toluene, pentane, dichloromethane, 

acetonitrile, acetone and ethanol. 

 
Formation of silica coatings on 316L stainless steel surfaces by dip-coating 

97:2:1 95% EtOH: PEG: AcOH (used for preparing B and L samples). In a 

typical experiment, 22 µL of 2-[methoxy(polyethyleneoxy)propyl]-

trimethoxysilane (6-9 PEG repeat units, 24 mg; 4.33x10-5 mol) was dissolved in 

1.0 mL of acidified 95% ethanol (1% v/v acetic acid). The silane solution was 

agitated for 5 minutes before freshly plasma cleaned silica coated 316L stainless 

steel sample was stirred through the silane solution for 2 minutes. The stainless 

steel samples were dip rinsed in 100% ethanol, and cured for 15 minutes in an 

oven heated to 110˚C.  

 

100% TEOS (used for preparing C samples).  Upon removal from the plasma 

cleaner, the stainless steel foil was kept in 18 MΩ H2O until it was dipped into the 

silica precursor (typically 5-15 minutes). The stainless steel foil was then dried 

under nitrogen and immediately immersed in neat TEOS.  After 15 seconds, the 

stainless steel sample was removed, and submerged in 18 MΩ H2O for 120 

seconds.(49) The 316L stainless steel foil was dried under a stream of nitrogen 

before being immersed again into neat TEOS, completing one cycle.  This cycle 

was typically repeated 5 times.  Upon completion of the cycles, the stainless steel 

foil was left sitting in 18 MΩ H2O for 1 hour.  
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100% TEOS (HC) (used for preparing D samples).  The freshly cleaned 316L 

stainless steel foil samples were immersed in neat TEOS for 15 seconds.  The 

edge of the sample was dabbed on a kimwipe to remove excess TEOS, and then 

cured for 15 minutes in an oven heated to 110˚C, completing a cycle. Samples 

were immersed in 18 MΩ H2O for 5 minutes and dried under nitrogen prior to 

being immersed in neat TEOS to commence the second cycle. Typically 5 cycles 

were performed.  

 

1:1 TEOS:100% EtOH(used for preparing E samples). The freshly cleaned 316L 

stainless steel foil samples were immersed for 15 seconds in a solution that 

consisted of a 1:1 volume ratio of 100% ethanol and TEOS.  Excess TEOS was 

removed with a kimwipe, and then samples were cured for 15 minutes in an oven 

heated to 110˚C, completing the cycle.  Subsequently, samples were immersed in 

18 MΩ H2O for 5 minutes and dried under nitrogen prior to being immersed in the 

silica precursor solution to commence the second cycle. Typically 5 cycles were 

performed.  

 

1:1 TEOS:95% EtOH(used for preparing F samples). The freshly cleaned 316L 

stainless steel foil samples were immersed for 15 seconds in a solution that 

consisted of a 1:1 volume ratio of 95% ethanol and TEOS. Excess TEOS was 

removed with a kimwipe, and then samples were cured for 15 minutes in an oven 

heated to 110˚C, completing the cycle.  Subsequently, samples were immersed in 

18 MΩ H2O for 5 minutes and dried under nitrogen prior to immersion in the 

silica precursor solution to commence the second cycle. Typically 5 cycles were 

performed. 

 

50:49.5:0.5 TEOS: 95% EtOH: AcOH (used for preparing G samples). The 

freshly cleaned 316L stainless steel foil samples were immersed for 15 seconds in 

a solution that consisted of a 1:1 volume ratio of 95% ethanol (1% acetic acid by 

volume) and TEOS. Excess TEOS was removed with a kimwipe, and then 



 49 

samples were cured for 15 minutes in an oven heated to 110˚C, completing the 

cycle.  Subsequently, samples were immersed in 18 MΩ H2O for 5 minutes and 

dried under nitrogen prior to being immersed in the silica precursor solution to 

commence the second cycle. Typically 5 cycles were performed.  

 

97:2:1 95% EtOH: 1,2-bis(trimethoxysilyl)ethane: AcOH (used for preparing H 

samples).  The freshly cleaned 316L steel samples were immediately immersed in 

an acidic ethanolic solution (95% ethanol, 1% acetic acid by volume) of 1,2-

bistrimethoxysilylethane, and agitated for 120 seconds.  Subsequently, the sample 

was dip rinsed in 100% ethanol before being cured for 15 minutes in an oven 

heated to 110˚C.  

 

Formation of silica coatings on 316L stainless steel surfaces by electrodeposition 

TEOS (used for preparing I samples). A sol-gel solution was prepared from 6.5 

mL of ethanol, 1.0 mL of TEOS, and 2.5 mL of 0.1 M HCl and was stirred for at 

least three hours before use.(45) The sol-gel solution remained translucent for 

more than one month. Typically, a 1.5 cm x 1.5 cm 316L stainless steel coupon 

with 1.54 cm2 exposed via a Teflon cell was the working electrode shown in Fig. 

2.6. Heavy aluminum foil instead of the copper foil was used to make electrical 

contact with the stainless steel sample for electrodeposition. The counter electrode 

used was a platinum wire and Ag/AgCl in saturated KCl was used as a reference 

electrode. The current was monitored while -1 V was applied for 60 seconds. The 

stainless steel sample then removed from the Teflon cell, followed by rinsing with 

methanol. The sample was then left to dry in air for 24 hours followed by curing 

in an oven at 110˚C for 24 hours.  

 

PEG(9-12) silane (used for preparing J samples). A sol-gel solution was prepared 

from  6.5 mL of ethanol, 1.0 mL of PEG silane (9-12 PEG repeat units), and 2.5 

mL of 0.1 M HCl and was stirred for at least three hours before use.(45) The sol-

gel solution remained translucent for more than one month. Typically, a 1.5 cm x 

1.5 cm 316L stainless steel coupon with 1.54 cm2 exposed via a Teflon cell was 
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the working electrode shown in Fig. 2.6. Heavy aluminum foil was used instead 

of copper foil to make electrical contact with the stainless steel sample for the 

electrodeposition. The counter electrode used was a platinum wire and Ag/AgCl 

in saturated KCl was used as a reference electrode. The current was monitored 

while -1 V was applied for 60 seconds. The stainless steel sample then removed 

from the Teflon cell, followed by rinsing with methanol. The sample was then left 

to dry in air for 24 hours followed by curing in an oven at 110˚C for 24 hours. 

 

Preparation of coated stainless steel surfaces using ALD Silica (used for 

preparing K and L samples). Stainless steel samples were placed in an Oxford 

Industries FlexAL atomic layer deposition (ALD) apparatus within an hour of 

cleaning. During deposition, the substrates were maintained at 300°C. 40 sccm of 

oxygen was continuously passed through the plasma source. The ALD chamber 

was first evacuated for 180 s to achieve a base pressure <5x10-6 torr. Then the 

chamber was cycled through process gas flush and prestabilization steps, followed 

by a five step deposition cycle to build the appropriate silica film thickness. Each 

cycle begins with a 600 ms dose of bis(tertiarybutylamino)silane (BTBAS) at 80 

mTorr delivered with a 30 sccm flow of argon carrier gas. A 5.5 s purge of 30 

sccm argon at 15 mtorr was used to remove excess or loosely bound BTBAS from 

the deposition chamber in. Argon flow to the process chamber was then shut 

down, and the gas environment was allowed to restabilize for 2.5 s at 15 mtorr. 

250W oxygen plasma was then initiated and maintained for 5 s at 15 mtorr. The 

final step of the cycle was a second, post-plasma, argon purge was then performed 

for 2 s at 15 mtorr. This process was repeated a specified number of times to 

produce silica films of the desired thickness. The growth per cycle was 

determined to be 1.23Å/cycle with careful calibration, such that a 40-cycle 

process resulted in the deposition of approximately 5 nm of SiO2. A Si(100) 

witness substrate was always included in the deposition chamber, and this witness 

was later examined by variable angle spectroscopic ellipsometry (VASE) to allow 

for thickness verification. For silica ALD samples that were subsequently 
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functionalized, the 97:2:1 95% EtOH: PEG: AcOH dip coating procedure was 

performed to functionalize with PEG.  

 

Alumina. Freshly cleaned stainless steel was placed in an Oxford Industries 

FlexAL for Atomic Layer Deposition (ALD). The substrates were first heated and 

maintained at 300°C. The chamber was then evacuated to <5x10-6 torr. A four-

step repeating cycle was used to build the layers of alumina. The chamber was 

dosed for 30 milliseconds with trimethylaluminum, followed by purging of the 

chamber with argon for 4 seconds. followed by exposure to a 300 W oxygen 

plasma for 3 seconds and an additional purge for 800 milliseconds, during which 

the pressure was maintained at 15 mTorr. This cycle of alumina precursor 

addition, and plasma pulsing was repeated, throughout which oxygen was 

continually flowing at 60 sccm. Flat samples and stents were exposed to the same 

number of cycles on each side. Each cycle makes a layer of approximately 1.05 Å 

in thickness. This process was repeated a specified number of times to produce 

silica films of the desired thickness. A 47-cycle process resulted in the deposition 

of approximately 5 nm of Al2O3. During every ALD process, a Si(100) witness 

substrate was always included in the deposition chamber, and this witness was 

examined by variable angle spectroscopic ellipsometry (VASE) in addition to the 

Al2O3-coated 316L stainless steel samples. 

 

Titania. Freshly cleaned stainless steel samples were placed in an Oxford 

Industries FlexAL atomic layer deposition (ALD) apparatus. During deposition, 

the substrates were maintained at a temperature of 300°C. To begin the process, 

the ALD chamber was first evacuated for 180 s to achieve a base pressure in the 

range <5x10-6 torr, followed by several process gas flush and prestabilization 

steps. The deposition chamber was then repeatedly cycled through a five-step 

sequence to build up a titania coating of the desired thickness. In each cycle, the 

chamber was first dosed for 4 s with titanium isopropoxide (TIPO) at 80 mTorr 

delivered with a 30 sccm flow of argon carrier gas. Excess or loosely bound TIPO 

was then removed from the deposition chamber in a 4 s purge step using 30 sccm 
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argon at 15 mtorr. Argon flow to the process chamber was then shut down, and 

the gas environment was allowed to restabilize for 6 s at 15 mtorr. 300W oxygen 

plasma was then initiated and maintained for 4 s at 15 mtorr. A second, post-

plasma, argon purge was then performed for 4 s at 15 mtorr, completing the 

sequence. This process was repeated a specified number of times to produce 

titania films of the desired thickness. With careful calibration, growth per cycle 

was determined to be 0.49 Å/cycle, such that a 100 cycle process resulted in the 

deposition of approximately 5 nm of TiO2. During every ALD process, a Si(100) 

witness substrate was always included in the deposition chamber, and this witness 

was examined by variable angle spectroscopic ellipsometry (VASE) in addition to 

the TiO2-coated 316L stainless steel samples.  

 

Film stressing 

3-point bending was performed using the Perkin Elmer dynamic mechanical 

analyzer DMA 8000. DMA stresses a sample by applying a sinusoidal, controlled 

deformation by the drive shaft. Although data was obtained, the purpose of using 

the DMA was to perform standardized stressing of the silica thin films on 

stainless steel. Each distance measurement was obtained in triplicate with 

calipers, and the average value used in the program. The length between each 

stage was about 10 mm, the thickness about 0.1 mm, and the width about 11 mm. 

The drive shaft was displaced by 0.25 mm at 1 Hz at room temperature. The 

samples were stressed four times for 5 minutes each, followed by twice for 10 

minutes and twice for 15 minutes. Electrochemical evaluation was performed 

after each 5, 10, or 15 minute run in the DMA. 

 

Characterization 

Electrochemical. Electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV) was performed using a Priceton Applied Research Model 2273 

potentiostat in a three-electrode electrochemical cell. All potentials were 

measured and reported relative to a Ag/AgCl reference electrode with a saturated 

KCl solution. The working electrode was the 316L stainless steel sample in a 
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Teflon sample holder shown in Fig. 2.6 with 1.54 cm2 exposed using a 7 mm 

diameter viton o-ring. The counter electrode used was a platinum wire. To make 

electrical contact with the SS sample or the working electrode, a copper plate was 

used. A 2 mM [Ru(NH3)6]Cl3 in 0.1 M KCl aqueous solution was used to provide 

the electroactive species and the electrolyte for the cyclic voltammetry and 

impedance experiments, respectively. This enabled the impedance and cyclic 

voltammetry experiments to be performed sequentially, in the same apparatus, 

without changing the solution in the cell. Each data set contained six samples, and 

the reported values are the averages over the six samples. The electrochemical 

impedance spectroscopy experiments were performed at room temperature inside 

a Faraday cage. 50 points over the frequency range 55 kHz to 10 mHz were 

measured, equally spaced on a logarithmic scale, with an AC amplitude voltage of 

10 mV. For the cyclic voltammetry experiments, the potential was scanned from 

0.05 V to -0.4 V at scan rates of 250, 200, 150, 100 and 50 mV/s. The peak 

current was determined from the cyclic voltammogram using Princeton Applied 

Research PowerCV software. These values were then used to calculate the 

electroactive surface area from the slope of a plot of Ip versus scan rate½ graph. 

The calculated electroactive area was divided by the exposed area of the working 

electrode, and expressed as a percentage. The EIS data was modeled using 

ZSimpWin version 3.21 software. The equivalent circuit model can be found 

below. 

 

The amount of the conducting stainless steel covered by insulating silica would 

decrease the measurable electroactive area of the metal substrate. The 

electroactive area of an electrode can be calculated from a plot of cyclic 

voltammogram peak current versus scan rate1/2 using the Randles-Sevcik equation 

given in Equation (1) below.(73) In this equation, Ip is the peak current of the 

reduction peak determined from a cyclic voltammogram.  n is the number of 

electrons transferred during the electrochemical reaction, which is one in the 

instance of the RuIII/RuII pair.  C is the concentration of the analyte [Ru(NH3)6]Cl3 

involved in the electrochemical reaction (in mol/mL). D is the diffusion 
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coefficient of the Ru(NH3)6
3+ electroactive species in solution [9.78 x 10-6 cm2/s], 

v is the scan rate and A is the surface area of the electrode (in cm2).(83) The 

electroactive area is then determined from the slope of the peak current versus 

scan rate1/2 graph.  The calculated electroactive area was divided by the area of the 

working electrode, and expressed as a percentage.(73) 

 

€ 

IP =  2.69 x 105( ) n3/2 C D1/2 A v1/2      (1) 

 

The impedance response of these systems can be modeled with the 

equivalent circuit illustrated in Fig. 2.18. In the equivalent circuit, a physical 

meaning can be attached to the components.  Rs represents the resistance of the 

electrolyte solution, Rp represents the resistance to charge transfer across the 

electrolyte – electrode boundary, and Q represents a constant phase element 

whose nature is determined by its exponent, n.  If n = 0, then Q behaves like a 

resistor, or if  n=1 then Q behaves as a capacitor.  Q can be used in the case of an 

imperfect capacitor, such as when the surface is rough, as is the case with our 

stainless steel samples (as can be seen above in Fig. 2.10).(84) The model fitting 

data is given in Table 2.3. χ2 is a measure of how well the data fits, calculated by a 

least squares method. 

 

 
Figure 2.18. Equivalent circuit used to model EIS data. Reprintted with 
permission from (70). Copyright 2011 American Chemical Society. 
 

 Rp is the polarization resistance and is inversely proportional to the 

corrosion current and
 
ƒmax is the maximum frequency in Hertz. The higher the 

value of this resistance, the more resistant to corrosion a system will be.  The 

RS

RP

Q
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system capacity, a measure of the exposed surface area, can be calculated from 

equation 2.(73) 

 

€ 

C =  1
2πfmaxRp

        (2) 

 

Table 2.3.  Tabulated values of equivalent circuit model values. Adapted with 
permission from (70). Copyright 2011 American Chemical Society. 
Sample Rs  

(Ω) 
Q  
(x 106) 

n Rp  
(MΩ) 

χ2 

316L SS 182 (3) 7.12 (2.7) 0.905 (0.051) 3.20 (2.7) 8.60E-3 (1.1E-2) 
PEG-silane 186 (2) 5.46 (1.1) 0.940 (0.015) 13.0 (4.7) 1.10E-3 (7.7E-4) 
ALD SiO2 178 (1) 2.20 (0.6) 0.846 (0.019) 9.08 (6.0) 5.60E-3 (1.3E-3) 
PEG-silane on ALD SiO2 182 (4) 1.10 (1.3) 0.917 (0.016) 19.2 (17) 6.48E-3 (4.1E-3) 
Bissilane 186 (1) 6.67 (1.0) 0.932 (0.008) 7.44 (3.9) 1.42E-3 (9.9E-4) 
Electrodeposited TEOS 185 (3) 9.67 (2.4) 0.826 (0.053) 2.82 (0.92) 1.78E-3 (2.1E-4) 
Electrodeposited PEG-silane 191 (1) 8.89 (1.4) 0.898 (0.010) 3.40 (1.3) 4.47E-3 (6.9E-3) 
100% TEOS(No Curing) 187 (1) 6.02 (1.3) 0.924 (0.033) 11.6 (7.8) 3.57E-3 (6.5E-3) 
100% TEOS 186 (2) 5.49 (1.0) 0.911 (0.020) 10.2 (12) 1.72E-3 (2.1E-3) 
1:1 TEOS:EtOH 185 (2) 5.21 (0.9) 0.912 (0.022) 6.81 (3.7) 2.01E-3 (1.5E-3) 
1:1 TEOS:95% EtOH 187 (2) 4.49 (1.2) 0.917 (0.012) 25.3 (15) 9.07E-4 (6.3E-4) 
1:1 TEOS:Acidic 95% EtOH 186 (2) 6.36 (0.8) 0.901 (0.014) 3.52 (2.0) 2.62E-3 (1.3E-3) 

 

Film thickness measurements. Variable angle spectroscopic ellipsometry (VASE) 

experiments were performed on a J.A. Woollam VASE with HS-190 

monochromator. Spectra were recorded every 7.5 nm in the range 300–1350 

nm. Signals from 20 complete revolutions of the retarder were averaged for each 

data point, and spectra were recorded for three incidence angles (47°, 57° and 

67°). Resulting Ψ and Δ data were fit with a simple model consisting of a Cauchy 

dielectric including Urbach absorption on a stainless steel substrate. 

 

Additional Characterization. Stent and stainless steel surfaces were characterized 

by scanning Auger microscopy (SAM), X-ray photoelectron spectroscopy (XPS), 

scanning electron microscope (SEM), and atomic force microscopy (AFM). SAM, 

and XPS were performed under high-vacuum conditions (<10-8 Torr). SAM 

(JAMP-9500F, JEOL) was performed at 15kV and 8 nA, for the accelerating 

voltage and emission current, respectively, and XPS (Kratos Analytical, Axis-

Ultra) was performed using monochromatic Al KR with a photon energy of 
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1486.6 eV, in the Alberta Centre for Surface Engineering and Science (ACSES). 

The XPS instrument was calibrated on the basis of the C 1s peak. SEM was 

carried out using a Hitachi S-4880 FE-SEM operating at 5-15 kV. AFM was 

performed using a Nanoscope IV (Digital Instruments/Veeco) using commercial 

Si cantilevers. FTIR (Fourier transform infrared) spectra were collected on a 

Nicolet Nexus 760 spectrometer. Spectra of stainless steel samples were collected 

using a nitrogen purged sample chamber, a Harrick GATR accessory, a MCT/A 

detector, and 128 scans at 4 cm-1 resolution. 
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CHAPTER 3 – FUNCTIONALIZATION OF SILICA-

COATED STAINLESS STEEL 
 

INTRODUCTION 

Hybrid materials comprising of inorganic, polymeric, organic and/or biological 

components are well studied for the combined properties they display from their 

individual counterparts.(1) By combining these materials together, desirable 

properties of each material can be integrated.(2-4) For example, the favorable 

characteristics of stainless steel such as its ductility and affordability can be 

combined with the resistance of PEGylated surfaces to prevent protein 

adsorption.(5,6) The properties of the hybrid materials can also be tailored for a 

variety of applications.(1-3,7) 

 

For a number of biomedical implant applications, materials with effective 

biomolecule attachment can be essential.(8-11) One type of biomolecule, 

carbohydrates, can be found on cell surfaces and play an important role in a 

variety of biological processes.(12-15) As such, glycosylation of surfaces can 

open the opportunity for fabricating biomimetic surfaces.(12,16) Biomimetic 

surface performance can be greatly impacted by the density of biomolecules.(17) 

In order to replicate a cell surface, a spacer molecule can be used to achieve a 

suitable spacing of biomolecules.(18) PEG (polyethylene glycol) may be ideal for 

spacing of biomolecules as well as preventing nonspecific protein binding for 

biomimetic surfaces.(12,19) This depiction of biomolecule presentation on tissues 

and that functionalized on stainless steel surfaces is depicted in Fig. 3.1. 

 

Effective attachment of these carbohydrates can be critical in biomedical 

applications.(14,17) Many different methods for immobilizing desired molecules 

have been developed, but they can broadly be divided into noncovalent and 

covalent means.(12,17) Noncovalent attachment involves adsorption of molecules 

by means of intermolecular forces such as hydrogen or ionic bonding.(12,17) 
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However, these weaker bonds can allow dissociation of the desired 

molecules.(7,12,17) 

 

 
Figure 3.1. i) A schematic of A-type antigen biomolecule presentation on heart 
tissue surfaces. ii) A schematic of the replication of natural A-type antigen 
biomolecule presentation on stainless steel surfaces. 
 

Covalent attachment of carbohydrates is a more popular method of 

immobilization.(12,17) The reaction of thiols on gold and silver surfaces, for 

example, shown in Fig. 3.2i, has been extensively examined. The biggest 

drawback is the susceptibility of Au-S bonds to oxidation.(13,17) Alcohols have 

also proven useful in creating monolayers on hydroxylated surfaces such as silica, 

shown in Fig. 3.2ii. However, the ethers produced are prone to hydrolysis.(20) Of 

particular interest, self-assembled monolayers (SAMs) on stainless steel have 

been shown to form with thiols, carboxylic acids, and phosphonic acids.(21-25) 

This functionalization of stainless steel is shown in Fig. 3.2iii. Again, the thiol is 

prone to oxidation, and phosphates tend to bind more strongly than carboxylic 

acids.(14,21) However, silane functionalization of stainless steel produces even 

more stable SAMs.(21) 
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Figure 3.2. Immobilization of carbohydrates have been successful using i) thiol 
derivatives on gold surfaces,(13) ii) alcohol derivatives on hydroxyl-terminated 
silica surfaces,(20) and iii) thiol, carboxylic acid or phosphoric acid derivatives on 
stainless steel surfaces.(21,23,24) 
 

Different methods have been developed to attach silane monolayers to surfaces. 

Some methods involve linkers to connect the carbohydrate to a substrate.(12,26) 

For example, aminopropyl- or merccaptopropyltrimethoxysilane can first form a 

functional layer on the substrate, followed by subsequent reaction to immobilize 

the desired molecules, demonstrated in Fig. 3.3i.(3,12,27-32) Amine and thiol 

functional groups can react with aldehydes and alkenes respectively to graft 

carbohydrates as depicted in Fig. 3.3ii.(6,7,12,14) Alternatively, silanes can be 

directly reacted onto a substrate, depicted in Fig. 3.3iii.(33) Silane derivatives of 

carbohydrates and PEG can be used to graft them to substrates and mixed silane 

monolayers have been successfully deposited from mixed silane solutions.(30,33-

35) 
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Figure 3.3. Silane functionalization of stainless steel with desired molecules have 
been successful by i) using silane derivatives of amines to subsequently react with 
amine-reactive derivatives of desired molecules,(12,27,29,32) ii) using silane 
derivatives of thiols to subsequently react with alkene derivatives of desired 
molecules,(12,28,29) and iii) alkoxysilane derivatives of desired 
molecules.(36,37) 
 

To attach silane monolayers, either trichloro- or trimethoxysilane moieties can be 

used.(3,5) The chloro- and methoxy- groups are hydrolysable, and a fourth group 

is attached through a high stability Si-C bond.(36-38) The hydrolysable groups 

form Si-O-Si and Si-O-metal bonds to form a covalent network to each other and 

to the substrate.(37) However, the production of HCl from trichlorosilanes can 

cause undesirable side reactions such as corrosion of stainless steel.(21) Reactive 

groups, such as hydroxyl groups, on substrates are important for functionalization 

with organosilanes, and stainless steel and silica have both shown promise in this 

area.(20,39) 

 

Here, silane derivatives of both carbohydrates and PEG were used to functionalize 

onto both stainless steel and silica substrates. PEG acts to dilute the more 

expensive synthetic carbohydrates and to prevent non-specific protein binding. 

The carbohydrate silanes used include monosaccharides (MSs) as well as a 

trisaccharide or tetrasaccharide (collectively TS) ABO histo-blood group antigens. 
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These substrates were evaluated for the successful attachment of the silanes as 

well as their stability and the biological availability of the carbohydrates. Much of 

this work has been published or patented.(40-42) 

 

RESULTS & DISCUSSION 

Stainless steel coated with silica obtained by ALD was determined to be the 

optimal coating technique in our earlier work.(40) As such, silica coated stainless 

steel, as well as stainless steel and additional silica surfaces were used as surfaces 

for subsequent functionalization for comparison and characterization. These 

surfaces were then functionalized as indicated in Fig. 3.4 with the A antigen, a 

tetrasaccharide (TS), as depicted. The silanes of particular interest for our devices 

are shown in Fig. 3.5. Although six different subtypes of each antigens exist and 

have been synthesized for our use, the type II antigen of each TS is depicted in 

Fig. 3.5 for simplicity. While the functionalization of TSs on stents is the goal of 

this work, preliminary studies were performed using monosaccharides (MS), 

which are much easier to synthesize, and are therefore much less expensive than 

TSs. 

 

 
Figure 3.4. Stainless steel coupons were first coated with silica by ALD, followed 
by functionalization with PEG and monosaccharide (MS), trisaccharide or 
tetrasaccharide (TS) silanes. Here, the A antigen, a TS, is depicted in the 
functionalization. Adapted with permission from (40). Copyright 2011 American 
Chemical Society. 
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Figure 3.5. The silane derivatives of trisaccharide, tetrasaccharide (TS) and PEG 
used to functionalize stainless steel. 
 

A general scheme of the functionalization with the MS N-acetyl glucosamine 

(GlcNAc) and poly(ethylene glycol) (PEG) trimethoxysilane  can be seen in Fig. 

3.6. First, the synthetic GlcNAc derivative reacts with 

mercaptopropyltrimethoxysilane (MPTMS) to produce a GlcNAc silane through 

thiol-ene coupling. Then, the GlcNAc and PEG silanes were used to functionalize 

the stainless steel surface using a sol-gel dip-coating procedure. As the stainless 

steel substrate, silica ALD coated stainless steel will be used to provide the 

sufficient concentration of hydroxyl groups on the surface in order to 

functionalize with trimethoxysilanes. To characterize the functionalization of 

these trimethoxysilanes on silica substrates, porous silicon was used.  Porous 

silicon was chosen because silicon is IR transparent, and porous silicon generates 

increased surface area while providing a silica substrate when oxidized. 

 

A type II antigen

B type II antigen

H type II antigen

poly(ethylene glycol) 
or PEG

O Si(OMe)3n
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Figure 3.6.  The reaction of the 2-N-acetamido-2-deoxy-β-D-glucopyranoside 
(GlcNAc) derivative with mercaptopropyltrimethoxysilane using 2-hydroxy-2-
methylpropiophenone as a photoinitiator forms the GlcNAc silane under UV 
illumination. Stainless steel (SS) surface is subsequently functionalized via a dip-
coating sol of a mixture of PEG and the GlcNAc silanes in a predetermined ratio. 
Adapted with permission from (40). Copyright 2011 American Chemical Society. 
 

The porous silicon surface was functionalized by dip coating the sample the same 

acid-catalyzed sol-gel of the desired silanes as used for the silica-coated stainless 

steel samples. In this sol-gel reaction, the methoxy groups of the silane become 

hydrolyzed to silanols that can then hydrogen bond to the hydroxylated surface. 

As such, the concentration of hydroxyls on the surface is critical in the covalent 

attachment of the silanes. To enhance the hydroxyl concentration on their 

surfaces, the porous silicon samples were treated with piranha. These hydroxyl 

groups also allow the condensation with the physisorbed silanol groups of the 

silanes. Upon removal from the silane functionalization solution, the samples 

were cured, to drive the condensation reaction that forms the covalent silicon-

oxygen-silicon bonds between the silanes and the oxidized porous silicon.  
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As expected, the mixture of silanes in the sol-gel solution results in proportional 

surface functionalization as determined by FTIR, as shown in Fig. 3.7. FTIR is an 

excellent technique to identify characteristic functional groups of the 

carbohydrates.(15) The carbonyl peak in FTIR decreases with the decreasing 

concentration of GlcNAc on the surface. GlcNAc and acetic acid (the catalyst) are 

the only two sources of carbonyl used in the reaction. The near absence of 

carbonyl peak in the 100% PEG indicates that little contribution is derived from 

the acetic acid since all the functionalizations were performed in the same manner 

with an acetic acid catalyst. The porous silicon samples were rinsed thoroughly 

with methanol, an excellent solvent for GlcNAc and even after sonication of 

100% GlcNAc functionalized porous silicon samples, equivalent transmission 

FTIR spectra were obtained. Therefore, it is unlikely that these peaks are due to 

physisorption of GlcNAc. Additionally, from Fig. 3.7, the ether signal evidently 

increases with increasing concentration of PEG silane. As there are more ether 

functionalities in the PEG than GlcNAc, this agrees with the silane ratios in 

solution. 

 

For our purposes, we would like to replicate the antigen presentation on a cell 

surface. Just as a cell’s surface does not present a continuum of a single antigen, 

spacing between antigens is necessary for many biomedical applications. PEG is 

used to prevent nonspecific protein binding, but also to act as a spacer molecule to 

achieve an appropriate antigen density to mimic that found on tissue surfaces.(18) 

This spacing could lead to appropriate spacing of the antigen for successful anti-

body or lectin binding and a biomimetic surface. In addition, the PEG dilutes the 

more expensive saccharides.  
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Figure 3.7.  Transmission FTIR of a series of GlcNAc and PEG functionalized 
porous silicon surfaces, illustrating that the sol-gel deposition solution 
composition correlates with that deposited on the surface. Reprinted with 
permission from (40). Copyright 2011 American Chemical Society. 
 

A second MS, galactose (Gal), was also used as a biologically significant 

molecule for functionalization of substrates. A schematic of this functionalization 

can be seen in Fig. 3.8. The presence of nitrogen in GlcNAc and its absence in 

both Gal and PEG gives a good handle for elemental analysis. Additionally, both 

of the MSs contain sulfur, which the PEG silane does not and the proportion of 

oxygen in the MSs is slightly less than is present in PEG. For the purpose of 

elemental analysis, low resolution XPS was performed on samples of varying 

concentrations of GlcNAc or Gal and PEG, as shown in Fig. 3.9. XPS has 

previously been used to identify functionalization of surfaces.(16,26,43,44) The 

varying concentrations of silanes used for the functionalization of stainless steel 

and silica-coated stainless steel (SS) are listed in Table 3.1. 
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Figure 3.8.  The reaction of the galactose (Gal) derivative with 
mercaptopropyltrimethoxysilane using 2-hydroxy-2-methylpropiophenone as a 
photoinitiator forms the Gal silane under UV illumination. Stainless steel (SS) 
surface is subsequently functionalized via a dip-coating sol of a mixture of PEG 
silane and the Gal silanes in a predetermined ratio. Adapted with permission from 
(40). Copyright 2011 American Chemical Society. 
  

O

OH

HO

OH

OH

O
O

OH

HO

OH

OH

O(CH2)8S Si
OMe

OMe
OMe

Acetic Acid

Ethanol

Si
O

6 - 9

Stainless Steel

HO

HO

HO

HO

HO

HO

HO

+

Stainless Steel

O

O

O

HO

HO

O

O

O

OH

HO

OH

OH

O(CH2)8S Si

O

Si
O

6 - 9
OMe
OMe

OMe

SiO
6 - 9 OH

OH

HS(CH2)Si(OMe)3

OH

O



 72 

 
 

 
 

 
 

Figure 3.9.  Atomic % of i) nitrogen, ii) sulfur and iii) oxygen determined via low 
resolution XPS of direct silanization of 316L stainless steel, and on 5 nm ALD 
silica coated 316L stainless steel with mixtures of GlcNAc or Gal and PEG. 
Adapted with permission from (40). Copyright 2011 American Chemical Society. 

i) 
ii) 

iii) 

i) 
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Table 3.1. Silane concentration used to functionalize stainless steel (SS). Adapted 
with permission from (40). Copyright 2011 American Chemical Society. 

Uncoated SS ALD silica-coated SS ALD silica-coated SS 

100% PEG 100% PEG 100% PEG 

60% PEG:40% GlcNAc 60% PEG:40% GlcNAc 60% PEG:40% Gal 

30% PEG:70% GlcNAc 30% PEG:70% GlcNAc 30% PEG:70% Gal 

0% PEG: 100% GlcNAc 0% PEG: 100% GlcNAc 0% PEG: 100% Gal 

 

From Fig. 3.9, it is apparent that there is a decrease in both the nitrogen and 

sulphur content increases as the ratio of GlcNAc to PEG increases. Also, the 

sulfur content increases as the ratio of Gal to PEG increases and the nitrogen 

content remains low across these Gal to PEG ratios. These are the expected results 

since the sulfur content is derived from the GlcNAc and Gal silanes used to 

functionalize the surface and the nitrogen content is derived solely from the 

GlcNAc. Additionally, the oxygen content increases as the ratio of PEG to 

GlcNAc or Gal silanes used increases as the PEG silane used has a slightly higher 

oxygen content than GlcNAc or Gal. This confirms that there is a general trend in 

correlation between the ratio of silanes used in the functionalization solution and 

the silanes attached to the surface. These trends are evident in both the silane 

functionalizations on clean stainless steel and on stainless steel coated with silica 

by ALD, and are fairly predictable within statistical deviations, as depicted with 

the trendlines. No distinct difference between the silane functionalized clean 

stainless steel and stainless steel coated with silica by ALD could be determined 

from this XPS data. The deviation in these plots from linearity are most likely due 

to packing of the molecules since PEG is a long, flexible chain that will be in 

constant motion, and will take up more room than the other silanes. 

 

The results from both FTIR and XPS indicate that the functionalization of ALD 

silica-coated stainless steel is successful and that the mixture in solution roughly 

translates to the functionalization on the surface. However, this rough translantion 

gives no indication of the biological availability of the GlcNAc or Gal on these 

surfaces. In order to assess the biological availability of these MSs, an enzyme-
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linked lectin assay (ELLA) was used.(40) The ELLAs used are outlined in Fig. 

3.10.  

 

 
Figure 3.10. The detection of monosaccharides using an enzyme-linked lectin 
assay (ELLA).  Adapted with permission from (40). Copyright 2011 American 
Chemical Society. 
 
In the case of GlcNAc, the lectin wheat germ agglutinin (WGA) with a 

horseradish peroxidase conjugate was used. Peanut agglutinin (PNA) with a 

horseradish peroxidase conjugate, on the other hand, was used to detect GlcNAc. 

Using the functionalizations outlined in Table 3.1, each sample was incubated 

with either WGA or PNA and the excess lectin was washed off. The HRP 
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conjugate was detected using o-phenylenediamine (OPD) as an indicator. The 

oxidation of OPD is performed by HRP, which causes it to change to a red colour. 

This red colour of the oxidized OPD was then detected by UV/Vis absorbance 

spectroscopy, and the absorbance measured at 450 nm.  

 
From Fig. 3.11, it is evident that WGA effectively detects GlcNAc and 

ineffectively detects Gal on the ALD silica-coated stainless steel. The GlcNAc is 

effectively detected by WGA even at lower concentrations of GlcNAc. 

Interestingly, the detection of GlcNAc on uncoated stainless steel is not as 

effective. The uncoated stainless steel was used as a control, just as the 100% 

PEG were prepared as controls. However, the absorbance of 100% PEG on 

uncoated stainless steel is high in comparison to that of 100% PEG on ALD 

silica-coated stainless steel. The absorbance of 100% PEG on uncoated stainless 

steel is, in fact, similar in intensity to the absorbance of the samples functionalized 

with GlcNAc silane and highlights the utility of the ALD silica coating on the 

stainless steel. The increased absorbance from the uncoated stainless steel samples 

may indicate insufficient functionalization with PEG silane, allowing for 

nonspecific binding of the WGA. 
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Figure 3.11.  Wheat germ agglutinin (WGA) ELLA specific for GlcNAc. 
Reprinted with permission from (40). Copyright 2011 American Chemical 
Society. 
 
The peanut agglutinin (PNA) ELLA, on the other hand, showed low absorbance 

for 100% PEG samples on both uncoated and ALD silica-coated stainless steel. 

This indicates little non-specific binding of PNA to either PEG or uncoated 

stainless steel. In contrast to the WGA ELLA, which appears to detect GlcNAc no 

matter the concentration (Fig. 3.11), the PNA ELLA detection evidently depends 

on the concentration of Gal (Fig. 3.12). PNA has fewer binding sites than WGA, 

giving rise to a lower affinity for Gal than WGA has for GlcNAc.(40) This lower 

affinity of PNA is supported by literature and explains why in this case, 30% Gal 

is inadequate for detection by PNA ELLA.(45,46) In contrast, the WGA ELLA 

detection peaks and levels off above 30% GlcNAc. This indicates that biological 

molecule density must be carefully selected. The density must be high enough for 

efficient detection and sufficient biological availability, however low enough to 

reduce the cost of prepared substrates – of particular importance as the samples 

prepared move from MSs to trisaccharide and tetrasaccharides (collectively TSs). 
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Figure 3.12.  Peanut agglutinin (PNA) ELLA specific for Gal. Reprinted with 
permission from (40). Copyright 2011 American Chemical Society. 
 

Six different types or isomers of each blood type antigen exist, which adds up to 

18 ABO blood type antigens, and have been synthesized. Of the antigen types, the 

H type antigen is the antigen presented on O blood type cells. These synthetic 

TSs, along with PEG silane, were used to functionalize the silica ALD coated 

stainless steel, previously determined to be the best surfaces for this purpose. In 

order to characterize this functionalization, silica coated stainless steel was 

functionalized with varying ratios of A type II antigen to PEG silanes. This type 

of functionalization is depicted with the A type I antigen in Fig. 3.13. Varying 

ratios of A type II antigen to PEG were used to functionalize the silica ALD 

coated stainless steel and these samples were characterized by low resolution XPS 

(shown in Fig. 3.14). Similar to the results obtained by XPS for the MSs, both the 

nitrogen and sulfur concentration detected on the surfaces decrease as the 

concentration of A type II decreases. The A type II antigens contain both sulfur 

and nitrogen, whereas the PEG does not, therefore the XPS results were as 

expected. 
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Figure 3.13. Functionalization of silica-coated stainless steel surface with A type 
I and PEG silanes. 
 

To characterize the biological availability of antigen, the A antigens were detected 

using an enzyme-linked immunosorbent assay (ELISA) as depicted in Fig. 3.15. 

Similar to the ELLAs used to characterize the MS-functionalized substrates, ALD 

silica coated stainless steel functionalized with PEG and A type II antigen silanes 

was treated with a mouse anti-A antibody which binds to the A type antigens. 

Subsequently, these substrates were treated with a secondary goat anti-mouse 

antibody (which binds to the mouse antibody) with a horseradish peroxidase 

(HRP) conjugate. Just as in the ELLAs used to detect the MSs, an OPD indicator 

was used to detect the HRP conjugate. OPD is oxidized by HRP, which causes it 

to change to a red colour. The oxidized OPD can then be detected by UV/Vis 

spectrometry. 
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Figure 3.14. Detection of A antigens by i) nitrogen and ii) sulfur concentration of 
stainless steel coupons coated with silica by ALD and functionalized with 
mixtures of A antigen and PEG silanes as characterized by XPS. 
 

i) 

ii) 
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Figure 3.15. The ELISA assay used to detect A antigens on stainless steel coated 
by ALD. 
 

A distinct increase in absorbance is observed between samples functionalized 

with 100% PEG and even with a low concentration of 10% A type II antigen 

shown in black in Fig. 3.16. In order to assess the stability of the A type II 

antigens, a couple of sample sets were incubated in blood plasma. One sample set 

with different ratios of PEG to A type II antigen (each in triplicate) was incubated 

each in A blood plasma and in O blood plasma. This incubation was performed 

for a month at 37°C under agitation, with replacement of the blood plasma every 

2-3 days. These incubated samples were also compared to samples that were left 

in air at room temperature during this month rather than incubated in blood 

plasma as reference samples. The results are shown in Fig. 3.16 for a set of 

samples done in triplicate. In comparing samples functionalized with 100% PEG 

versus 100% A type II antigen, it is evident that there is an increase in absorbance 

when the A type II antigen is present. Even after a month of incubation in blood 

plasma increased absorbance can still be noted, and therefore the antigen is still 

present and accessible. One point of interest is the decrease in detection of the A 

antigen when incubated in O blood plasma over A blood plasma. As anti-A 

antibodies would be found in O blood plasma, but not in A blood plasma, these 



 81 

results are promising in suggesting that the human anti-A antibody recognizes the 

synthetic A antigen used in this study. 

 

 
Figure 3.16. Detection of A antigens by ELISA assay before (as a control) and 
after incubation in A or O blood plasma for a month. 
 

Alumina ALD coated stainless steel were also functionalized with PEG and A 

antigen silanes. Similar results of antigen detection were achieved with stainless 

steel coupons coated with alumina by ALD without incubation in blood plasma. 

Although alumina could potentially be another exceptional coating for 

functionalization, a coating superior to silica could not be determined within the 

limits of our experimentation. As such, further study of alumina thin films was not 

completed. Additionally, the extensive availability of silica substrates, from 

oxidized silicon to glass microscope slides, makes it an ideal substrate for further 

characterization. 

 

From preliminary results of detecting silicon on stents coated with silica by sol-

gel dip coating from AES (discussed in the previous chapter), functionalization of 
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stents with A type I and PEG silane was performed. Three different ratios of A 

antigen to PEG were used: 0% A type I: 100% PEG, 10% A type I: 90% PEG, 

and 20% A type I: 80% PEG. These A antigen functionalized stents were 

expanded in a porcine model, ideal for our purposes as they have two of the same 

blood types as humans, both A and O. The suppression of anti-A antibodies is the 

goal of our work on stainless steel. Anti-A antibodies would be present in adult O 

blood type pigs, but not A type pigs. Therefore, two stents of each of the three 

functionalizations listed above were prepared. One stent of each functionalization 

was expanded in a male and a female O blood type piglet. O blood type pigs tend 

to produce anti-A antibodies by the age of 2 months. Unfortunately, the results 

after months of blood sample collection were inconclusive for the successful 

suppression of anti-A antibodies. However, this is not surprising given the data 

collected regarding this type of coating (discussed in the previous chapter). A 

number of plausible scenarios may have led to the inconclusive suppression of the 

anti-A antibodies in the porcine model. The stents may have been insufficiently 

insulated and non-specific protein binding could have coated the stents, leaving 

the devices with inadequate biological availability of the A type antigen. 

Alternatively, the functionalization may have been incomplete, giving rise to 

insufficient coverage to elicit our desired results in the porcine model. In either 

case, this data does not in and of itself disprove the utility of the more suitable 

functionalized ALD silica-coated stainless steel protocol developed thus far. 

Another round of stents must be tested, again in a porcine model to draw further 

conclusions. 

 

In addition to stainless steel and silica-coated stainless steel, glass microscope 

slides were used to attach TSs. ToF-SIMS mapping was used in an to attempt to 

evaluate the mixing of A antigen and PEG silanes on glass microscope slides. 

ToF-SIMS has been used extensively in order to characterize biological molecule 

attachment to surfaces.(16,26,44,47,48) The ToF-SIMS mapping identified 

specific A antigen fragments, such as the NAc, confirming the presence of A 

antigens. No apparent spotting in the antigen fragments derived from the silane 
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mixtures identified by mapping of the functionalized glass substrates. As such, no 

segregation of the PEG and A antigen silane mixture on the microscale could be 

identified. 

 

However, the functionalization of these glass substrates in an array of spots was 

performed with a microarray printer, but lead to issues associated with the sol-gel 

solution. The pins of the microarray printer became clogged and therefore 

inefficient spot functionalization was performed. Fine-tuning of the acidic sol-gel 

parameters was attempted, using alternative alcohol solvents such as butanol, 

more and less acidic solutions, different sources of water, and different curing 

times were examined. However, little improvement in the clogging of the pins 

was established. 

 

 
Figure 3.17. ABO antigen carbohydrate conjugation to amine-functionalized 
microarray slides. 
 

Conjugation of all 18 ABO subtype antigens (6 subtypes of each A, B, and H 

antigens which are the carbohydrates present on A, B, and O blood type cells 

respectively) was successfully performed on amine-functionalized microarray 

slides using a microarray printer. The successful conjugation method for TS 

antigens is shown in Fig. 3.17. Each of the antigens was identified using the same 

ELISA used to detect A type II on silica-coated stainless steel. Microarrays were 

also incubated in samples of blood-typed human blood plasma to characterize the 

antibodies produced by the blood donors. Antibody detection was then performed 

to detect the antibodies – a slight variation on the ELISA assays used to detect the 

ABO antigens, outlined in the experimental section. These microarrays can allow 

for more extensive blood typing, which could enhance the determination of the 
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possible donor pool for those who require transplants of organs, tissue or blood. 

This could, in turn, reduce rejection of donor organs as this subtyping could 

reduce the chance of selecting organs to which a patient produces antibodies. 

Alternatively, this could also expand the donor pool to donor samples from 

additional blood types for which the patient produces no antibodies. 

 

CONCLUSIONS 

Silica coated ALD stainless steel was previously determined to be the ideal 

candidate for subsequent functionalization. These substrates were first 

functionalized with model biological molecules. Two synthesized 

monosaccharide (MS) silanes, N-acetyl glucosamine (GlcNAc) and galactose 

(Gal), were selected for the availability of appropriate lectins for their detection. 

The successful functionalization of silica with silanes was first performed on 

oxidized porous silicon and was characterized by transmission FTIR. The 

functionalization of ALD silica coated stainless steel was also characterized by 

low resolution XPS. The elemental analysis of nitrogen, sulfur and oxygen 

correlate well with corresponding solution mixtures of the PEG and MSs used to 

functionalize the uncoated and silica coated stainless steel coupons examined by 

XPS. The corresponding enzyme-linked lectin assays (ELLAs) successfully detect 

the biological availability of both GlcNAc and Gal. The results also indicate that 

the silica coating is useful in the prevention of non-specific protein binding. 

 

Furthermore, the silica coated stainless steel substrates were found to be 

successfully functionalized with A antigens, as determined by elemental analysis 

through XPS evaluation. Additionally, ToF-SIMS mapping evaluation detected 

antigen-specific fragments in spots functionalized with antigen and across 

functionalized films. The biological availability of A antigens on the silica on 

stainless steel substrates was recognized by ELISA assays both with and without 

incubation in human blood plasma. Additionally, the synthetic A antigen used to 

functionalize these substrates appears to be effectively recognized by human anti-

A antibody from O blood plasma. Synthetic antigens for all the ABO subtypes 
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were also conjugated onto substrates in microarrays, and antigens detected 

through assays. The microarrays were subsequently used to identify ABO 

antibodies present in the blood plasma of blood-typed donors. 

 

EXPERIMENTAL 

Materials. 

Hydrofluoric acid, nitric acid and sulphuric acid were purchased from J. T. Baker 

and used as received.  Hydrogen peroxide, methylene chloride and acetone were 

purchased from Fischer Scientific and used as received.  Glacial acetic acid, 

sodium chloride (ACS grade), magnesium chloride hexahydrate (ACS grade), 

potassium chloride (ACS grade), calcium chloride (anhydrous), and sodium 

bicarbonate (ACS grade) were purchased from EMD and used as received.  100% 

ethanol was purchased from Commercial Alcohols and used as received.  

Tetraethyl orthosilicate (reagent grade, 98%), 3-mercaptopropyl trimethoxysilane 

(MPTMS), peroxidise conjugated lectins (WGA-L3892 and PNA-L7759), and 

potassium chloride (99.999%) were purchased from Aldrich and used as received. 

The o-phenylenediamine (OPD) indicator was purchased from Aldrich 

(SIGMAFAST OPD P9187) and prepared according to the manufacturer’s 

instructions 2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane (PEG) was 

purchased from Gelest Inc. and used as received.  18 MΩ (Barnstead) water was 

freshly generated before use.  0.9 mm thick, annealed, mirror polished both sides 

stainless steel AISI 316L (Fe/Cr18/Ni10/Mo3) foil was purchased from 

Goodfellow Cambridge Limited. DAROCUR 1173 (2-hydroxy-2-methyl-1-

phenyl- propan-1-one) was purchased from Ciba Speciality Chemicals. 

Superamine 2 (SMM2) microarray slides were purchased from Arryait. 

Fluorochromes (Dylight 549TM or Dylight 649TM) conjugated goat anti-human 

IgM, IgG and IgA antibodies were purchased from Jackson ImmunoResearch 

Laboratories, Inc. The Anti-A mouse IgM was purchased from Virogen (Anti-A1, 

A2, A3 Cat# 133-A), whilst the secondary goat anti-mouse IgM HRP antibody 

was purchased from Southern Biotech (1021-05). 96-well hybridization cassette 

(AHC4x24) was purchased from Arrayit Corporation. Palmaz-Schatz PS204C 
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balloon expandable stainless steel stents were obtained from Johnson & Johnson 

(Miami, FL). The monosaccharides were prepared as described previously.(40)  

 

Methods.   

Preparation of oxidized porous silicon.  Previously published conditions were 

used to etch 1 cm x 1 cm N-type Si(100)  0.01 – 0.02 Ω·cm silicon wafers.(49) A 

Teflon cell was used to electrochemically etch 0.38 cm2.  The required current 

(7.6 mA/cm2 for 2 minutes, followed by 76 mA/cm2 under white light 

illumination using a 300W tungsten filament ELH bulb) was applied using an EG 

& G Instruments Princeton Applied Research model 363 potentiostat. The 

reference electrode used was Ag/Ag+ and platinum wire was used as the counter 

electrode.  A heavy aluminum foil was used to make electrical contact the 

backside with the silicon wafer, which acted as the working electrode.  The 

porous silicon was washed extensively with 100% ethanol and dried under 

nitrogen immediately following etching. To oxidize the surface, the porous silicon 

was dipped into piranha for 15 minutes (cooled for an hour before use). The 

piranha solution was prepared from a 1:3 mixture of concentrated sulfuric acid: 

30% hydrogen peroxide. [WARNING: The preparation of piranha solution is 

highly exothermic, and the mixture extremely reactive toward organic solvents. 

Preparation and use of piranha should be performed with extreme caution!] The 

piranha-cleaned substrates were washed with copious amounts of 18 MΩcm 

water to dilute the reactive piranha, and dried with nitrogen. The oxidation of the 

SiHx surface to Si(OH)x was confirmed by transmission FTIR spectroscopy. This 

freshly cleaned surface was immediately functionalized. 

 

Porous silicon surface functionalization.  The freshly cleaned porous silicon 

wafer was secured in a metal FTIR sample holder with a Viton o-ring.  After 

being scanned with transmission FTIR spectroscopy, the porous silicon wafer was 

subsequently functionalized in tandem with 316L stainless steel or silica-caoted 

stainless steel samples using the same solutions.  The surface functionalization 

procedure was slightly modified in that 100 µL of the correct solution (100% 
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monosaccharide, 60% monosaccharide – 40% PEG silane, etc.) was placed into 

the well and onto the porous silicon wafer, and left there to react for two minutes.  

After the two minutes, the sample holder was tilted such that the solution ran out 

of the well, and the sample cured at 110˚C for 15 min, followed by cooling for 15 

min. Another scan with FTIR spectroscopy was performed before rinsing the 

sample and acquiring a third FTIR scan.  As the porous silicon wafer was not 

removed from the sample holder, presumably the laser passed through the same 

portion of the porous silicon.  The sample was then rinsed copiously with 

methanol, and dried under a stream of nitrogen, before being scanned a final time 

with transmission FTIR spectroscopy. 

 

Surface Functionalization.  The silica and stainless steel substrates were hydroxy 

terminated by cleaning with fresh piranha. The uncoated or silica-coated 316L 

stainless steel sample was immersed in piranha for 60 s. The piranha solution was 

prepared from a 1:3 mixture of concentrated sulfuric acid: 30% hydrogen 

peroxide. [WARNING: The preparation of piranha solution is highly exothermic, 

and the mixture extremely reactive toward organic solvents. Preparation and use 

of piranha should be performed with extreme caution!] The piranha-cleaned 

substrates were washed with copious amounts of 18 MΩcm water to dilute the 

reactive piranha, and dried with nitrogen. The freshly prepared sample was 

immersed directly in the silane solution as outlined below immediately after the 

generation of the hydroxylated surface.  

 

100% saccharide surface functionalization.  In a typical experiment, 5 mg of 

either the monosaccharide model compound (527 g/mol; 9.48x10-6 mol), or the 

TS silane (1038 g/mol; 4.81x10-6 mol), was dissolved in 0.25 mL of 95% ethanol 

with 1% acetic acid. This solution of silanes was allowed to stand for 15 minutes 

prior to use to allow for the hydrolysis of the trimethoxysilane groups to silanols. 

The sample was aggitated in the trimethoxysilanes solution for 2 minutes, prior to 

dip rinsing in 100% EtOH, and curing for 15 minutes in an oven heated to 110˚C. 
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After curing, a white residue composed of excess saccharide not bonded to the 

silica surface, is visible.  Rinsing the sample with methanol dissolved the residue. 

 

20% saccharide, 80% PEG surface functionalization of substrates. In a typical 

experiment, 5 mg of either the MS silane (527 g/mol; 9.48x10-6 mol), or the TS 

silane (1038 g/mol; 4.81x10-6 mol), was dissolved in 0.25 mL of 95% ethanol 

with 1% acetic acid. To this solution, 0.47 mL of a solution comprised of 44 µL 

for MS (22 µL for TS) 2-[methoxy(Polyethyleneoxy)propyl]-trimethoxysilane 

(47mg, average MW = 550g/mol, 8.54x10-5 mol for monosaccharide; or 24 mg, 

4.33x10-5 mol for tetrasaccharide) 95% ethanol with 1% acetic acid was added. 

This solution of silanes was allowed to stand for 15 minutes prior to use to allow 

for the hydrolysis of the trimethoxysilane groups to silanols. The sample was 

aggitated in the trimethoxysilanes solution for 2 minutes, prior to dip rinsing in 

100% EtOH, and curing for 15 minutes in an oven heated to 110˚C. 

 

10% saccharide, 90% PEG surface functionalization of substrates. In a typical 

experiment, 5 mg of either the MS silane (527 g/mol; 9.48x10-6 mol), or the TS 

silane (1038 g/mol; 4.81x10-6 mol), was dissolved in 0.25 mL of 95% ethanol 

with 1% acetic acid. To this solution, 1.06 mL of a solution comprised of 44 µL 

for MS (22 µL for TS) 2-[methoxy(Polyethyleneoxy)propyl]-trimethoxysilane 

(47mg, average MW = 550g/mol, 8.54x10-5 mol for monosaccharide; or 24 mg, 

4.33x10-5 mol for tetrasaccharide) 95% ethanol with 1% acetic acid was added. 

This solution of silanes was allowed to stand for 15 minutes prior to use to allow 

for the hydrolysis of the trimethoxysilane groups to silanols. The sample was 

aggitated in the trimethoxysilanes solution for 2 minutes, prior to dip rinsing in 

100% EtOH, and curing for 15 minutes in an oven heated to 110˚C.  

 

100% PEG surface functionalization of substrates. In a typical experiment, 22 µL 

of 2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane (24 mg; 4.33x10-5 mol) 

was dissolved in 1.0 mL of 95% ethanol with 1% acetic acid. This silane solution 

was allowed to stand for 15 minutes prior to use to allow for the hydrolysis of the 
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trimethoxysilane groups to silanols. The sample was aggitated in the 

trimethoxysilane solution for 2 minutes, prior to dip rinsing in 100% ethanol, and 

curing for 15 minutes in an oven heated to 110˚C.  

 

Conjugation of carbohydrate antigens to microarray slides. The p-nitrophenyl 

ester versions of the antigens were previously described.(41) The amine 

functionalized microarray slides were first prepared by dipping them into a 

solution of 3% triethylamine in N,N-dimethylacetamide (DMA), rinsed with 

methanol and dried under argon. In a typical experiment, 1.7 mg antigen was 

dissolved in 120 µL DMA. This solution was printed on the array slides using a 

pin microarray device. Before use of the microarrays for antigen or antibody 

detection, the slides were dipped into water and methanol. 

 

Characterization.  

Preparation of phosphate buffer saline solution (PBST). For the biological assays, 

PBST at pH 7.4 was prepared, containing 0.1% Tween-20. Phosphate buffer 

saline consists of a solution of 137 mM NaCl, 2.7 mM KCl, 100 mM Na2HPO4, 2 

mM KH2PO4 in deionized water. 

 

Biological assay for determining monosaccharide attachment.  Each 2 x 5 mm 

substrate was shaken in 2% BSA in PBST (100 µL) for 14 h at 5°C. The substrate 

was then shaken at room temperature in a solution of the lectin (PNA or WGA) 

(0.01 mg/mL, 200 µL) in 2% BSA PBST for 2 h. The substrate was washed 

copiously with PBST to remove unbound lectin. The substrate was then treated 

with 500 µL OPD and left to react for 1 h. An aliquot of this solution (200 µL) 

was then taken and the absorbance measure at 450 nm.  

 

Biological assay for determining A type tetrasaccharide attachment. Each silica 

coated stainless steel stent surface was treated with a solution of 2% BSA in 

PBST (200 µL) and shaken (14 h, 5°C). The surface was then removed and then 

incubated with mouse anti-A IgM antibodies (5 °C, 14 h, 0.023 mg/mL, 50 µL). 
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The surface was then removed, thoroughly washed with PBST and then treated 

with a secondary HRP conjugated goat anti-mouse IgM antibody (21 °C, 3 h, 

0.013 mg/mL, 50 µL). The surface was thoroughly washed with PBST to remove 

unbound antibody and then treated with a solution of SigmaFast OPD (200 µL, 

1h). An aliquot of this solution (100 µL) was then taken and the absorbance 

measure at 450 nm.  

 

Blood plasma stability studies of A type I antigen functionalized uncoated and 

silica-coated stainless steel. Several substrates bearing the A type I antigen were 

prepared, according to the general procedure defined above. Each of the samples 

was placed in one of two different types of human donor blood plasma (blood 

group O and blood group A plasma). The samples were agitated for a month in 

blood plasma at 37°C. The blood plasma was replaced every 2-3 days. After 

removal from blood plasma, the substrates were immersed in PBST for an hour 

before being stored in ethanol before further characterization. These incubated 

samples were also compared to samples that were left in air during this month 

rather than incubated in blood plasma as reference samples.  

 

Detection of antibodies on microarray slides. The amine functionalized slides 

were loaded up to four slides at a time per 96-well cassette to allow simultaneous 

detection and processing of multiple microarrays. The microscope slides were 

washed with PBS/Tween-20 followed by an hour blocking with 3% normal goat 

serum/PBS at room temperature. Blood plasma was diluted 1:20 – 1:150 in 

blocking buffer and 50 µL was loaded into each well to react for 30 minutes at 

room temperature. Subsequently, the slides were washed with PBS/Tween-20. 

Bound human antibodies were detected with fluorochrome conjugated goat anti-

human antibodies for which a Roche Nimblegen, Inc. NimblegenTM MS200 

microarray scanner, with 2-5 µm resolution, was used to scan the slides. 

Biodiscovery, Inc. ImageneTM software was used analyze the samples. 
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Other characterization. XPS (Kratos Analytical, Axis-Ultra) was performed 

under high vacuum (<10-8 Torr) using monochromatic Al KR with a photon 

energy of 1486.6 eV, in the Alberta Centre for Surface Engineering and Science 

(ACSES).  The spectra were calibrated on the basis of the C 1s peak. FTIR 

(Fourier transform infrared) spectra were collected on a Nicolet Nexus 760 

spectrometer. FTIR spectra for porous silicon samples were collected in 

transmission mode using a nitrogen purged sample chamber, a DTGS KBr 

detector, with 32 scans at 4 cm-1 resolution. Absorbance was measured at 450 nm 

on a Molecular Devices SPECTRAmax 340PC UV/Vis spectrophotometer. 

Fluorescence was measured on a Molecular Devices SpectraMax M2 microplate 

reader. 
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CHAPTER 4 – SYNTHESIS OF SILICA 

NANOPARTICLES AND MICROPARTICLES 
 

INTRODUCTION 

Nanotechnology has a lot of potential in biomedical applications including drug 

delivery and immunoassays since many biological processes occur on the 

nanoscale.(1-10) The size and surface composition of NPs are of particular 

interest for their displayed properties and ease of manipulation.(1,3,7,11,12) 

Multifunctional NPs incorporating ceramic, magnetic, fluorescent and 

biomolecule materials have become increasingly popular for nanobiotechnology 

applications.(2,9,12-20) Some examples of multifunctional nanoparticles and their 

applications are available in Fig. 4.1. 

 

 
Figure 4.1. Multifunctional nanoparticles have numerous applications depending 
on their constituent materials. i) Iron oxide core-silica shell nanoparticles have 
applications in MRI contrast agents, targeted drug delivery, and magnetic 
separation.(13) ii) Iron oxide core-dye silica shell nanoparticles have applications 
in MRI contrast agents, targeted drug delivery, magnetic separation, cell labeling, 
and biosensing.(14,15,17,20) iii) Silica dye nanoparticles functionalized with 
biomolecules have applications in bioassays, imaging, drug delivery and liquid 
crystal displays (LCDs).(9,12) 
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Silica NPs, from simple to multifunctional, are inexpensive and easy to synthesize 

making them an ideal candidate for a number of different industrial 

applications.(9,21-27) Silica is a choice material for its biocompatibility and 

absence of toxicity even at reasonable quantities.(1,10,22,23,25-34) The 

mechanical, chemical and physical properties of silica are also beneficial, 

including its resistance to degradation in biological environments and 

environmentally friendliness.(1,22,23,28,35,36) The properties of incorporated 

NPs and molecules such as fluorophores are typically unaffected and protected by 

incorporation into silica.(3,20,28,35,37-39) Additionally, the hydroxylated surface 

of silica NPs allows for their functionalization with desired molecules such as 

silane derivatives of biomolecules.(1,3,9,12,20,25,26,28,35,40,41)  

 

The Stöber synthesis is an ideal method for synthesizing silica NPs requiring only 

a silicon alkoxide, water, ammonia as the catalyst, and an alcohol solvent, shown 

in Fig. 4.2.(1,3,9,21,25,31,32,36,38,42-48) The Stöber synthesis does not require 

the more complicated strategy that the micro-emulsion requires involving large 

amounts of stabilizer and therefore a number of purification steps.(19,26,31,44) 

The Stöber synthesis is an effective and simple method to synthesize spherical 

monodisperse nanoparticles 10-2000 nm when experimental factors such as 

temperature are controlled.(21,31,32,43-46,49) Through a seeded or shell growth 

method, nanoparticles can be introduced into a reaction vessel and used as cores 

in the Stöber reaction for controlled increase in particle size up to the 

microparticle range.(21,42,44) 

 

 
Figure 4.2. Stöber synthesis used to synthesize metal oxide nanoparticles such as 
silica.(1,3,21,38,45) 
 



 97 

Magnetic qualities of NPs would be a powerful tool for their selective capture, 

MRI and magnetic manipulation of particles, of which iron oxide NPs offer 

tunability based on the synthesis technique.(1,2,13,14,17,28,33,35,39,41,50-56) 

One advantage is that iron oxide nanoparticle can be fabricated with 

superparamagnetic character so that the magnetic properties appear only when a 

magnetic field is applied, however, in order to prevent the aggregation of 

magnetic nanoparticles, they require surface modification.(13,14,28,51,52,54) 

Magnetic properties can be integrated into silica NPs through the incorporation of 

iron oxide core particles in a seeded growth synthesis.(1,2,23,51,54) 

 

Fluorescent NPs are desirable for biomedical imaging applications, of which 

quantum dots have shown enormous promise for their bright and tunable 

fluorescence.(7,14,18,26,30,35,57-60) Although silica-coated quantum dots show 

promise for detection, the poor solubility, blinking and toxicity of quantum dots 

are still substantial issues for use in biological systems.(1,5,7,18,26,30,33,38,57-

60) Organic dye incorporation in silica NPs is synthetically easy to integrate and 

allow for their efficient detection through 

fluorescence.(1,9,19,23,26,30,35,48,60,61) Decreased photobleaching has been 

noted for organic dye incorporated in silica in comparison to free dye in solution 

and covalent dye attachment incorporated in silica NPs has shown even further 

photostability.(1,4,5,9,14,19,20,25,26,28,30,31,35,36,48,49,55,58,61-63) The 

addition of silica on top of dye-doped silica has been shown to further protect the 

dye molecules from photobleaching from oxidation by oxygen, from interaction 

with solvent and from leaching of the dye molecules.(1,9,31,48,57,58,60,61) 

 

The silica microparticles (MPs) and nanoparticles (NPs) synthesized herein were 

prepared via a modification of previously reported methods and different 

architectures were developed depending on their intended use.(43,64) Each 

intended use has different requirements including fluorescence, size, magnetism 

and functionalization and each of these factors is optimized for circulation in 

chicken embryo and detection by flow cytometry for immunoassays. Silica MPs 
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were characterized by fluorescence microscope imaging, scanning electron 

microscopy (SEM), and flow cytometry. Silica NPs 10-100 nm in diameter were 

characterized by SEM, dynamic light scattering (DLS), zeta potential 

measurements, two-photon excitation fluorescence correlation spectroscopy 

(TPE-ECS) and flow cytometry. Additionally, magnetic NPs were characterized 

by transmission electron microscopy (TEM). 

 

RESULTS AND DISCUSSION 

The Stöber method was used to synthesize silica nanoparticles 10-1000 nm in 

diameter as different sizes are required for different applications.(43-45) 

Nanoparticles (NPs) 10-200 nm in diameter are well suited for studies conducted 

in chicken embryos for effective tracking of the particles.(65) Alternatively, for 

single particle detection, microparticles (MPs) are better suited. In order to 

accurately determine the size of nanoparticles, scanning electron microscope 

(SEM) images were obtained of each sample. Representative SEM images of the 

different sizes synthesized for our purposes are shown in Fig. 4.3. 

 

From the SEM images, the average NP diameter and standard deviation were 

calculated from a minimum of 75 NPs. Distribution plots for the 20 nm, 100 nm 

and 1000 nm NPs can be found in Fig. 4.4. From the data shown, the “20 nm” 

NPs are actually 21 ± 6 nm, the “100 nm” NPs are 100 ± 10 nm, and the “1000 

nm” NPs (also referred to as microparticles, or “1 µm” MPs) are 1.0 ± 0.1 µm. 

 

Additionally, dynamic light scattering (DLS) was used to characterize the NPs 

and the results tend to agree with sizing obtained by SEM imaging for as-

synthesized NPs. However, the DLS instrument used has a red laser and since 

many of the dyes used (discussed below) and iron oxide absorb or fluoresce in the 

red region, sizing of fluorescent and iron oxide NPs via DLS gave inaccurate 

results. For example, NPs with tetramethylrhodamine isothiocyanate (TRITC) dye 

incorporated tend to have increased size when characterized by DLS. NPs with a 

30 nm TRITC dye-core, followed by a 100 nm Stöber synthesis were determined 
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to be 135 nm by DLS, whereas results from SEM indicate the size to be closer to 

125 nm. Also, upon centrifugation, the DLS results tend to differ from results 

obtained from SEM images. For example, by DLS, a sample of 10 nm NPs has a 

Z-average size of 12 nm with polydispersity of 0.14. Following centrifugation for 

20 min at 20k rpm, the Z-average size was 435 nm with a polydispersity of 0.52. 

In comparison, the size appears to lie closer to about 40 nm by the SEM image 

shown in Fig. 4.5.  

 

 

    
Figure 4.3. SEM images of i) 20 nm, ii) 100 nm and iii) 1µm silica nanoparticles 
prepared by the Stöber method. 

200 nm 

5.00 um 500 nm 

i) 

ii) iii) 



 100 

 

 

 
Figure 4.4. Distribution plot of sizes used to calculate the diameters of i) 20 nm, 
ii) 100 nm and iii) 1 µm silica particles. 
 

i) 

ii) 

iii) 
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Figure 4.5. SEM image of 10 nm NPs after centrifugation. 

 
One drawback of DLS is that it could not be used to size the MPs. For ideal DLS 

measurement, a concentration of about 1 g/mL should be used. However, this is 

difficult to control as the MPs are heavy, and settle out of solution within a couple 

of minutes. Since a DLS measurement takes about 5 min, the majority of the MPs 

will not stay in solution before the final measurement is taken.  

 

Some functionalized NPs were characterized by DLS as well. For 100 nm Stöber 

NPs, the size increases from 100. to 105 nm upon functionalization with 

mercaptopropyltrimethoxysilane (MPTMS). On the other hand, 100 nm Stöber 

NPs with random R6G dye incorporation were ~140 nm when unfunctionalized 

and increase insignificantly by ~1 nm when functionalized with a poly(ethylene 

glycol) (PEG) trimethoxysilane containing 6 to 9 repeat units. Although the 

results may not be completely consistent with SEM data, some generalizations 

can be made. NPs with Rhodamine dye or iron oxide tend to appear larger by 

DLS with this tool, and the size of NPs increases upon functionalization. 

 

400 nm 
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The nanoparticles 100 nm or larger were cleaned through centrifuging, decanting 

and dispersing by sonication three times. However, this cleaning procedure 

becomes an issue with the smaller NPs since aggregation was noted 

experimentally in the cleaned NPs.(8,12). The centrifuged particles remained as a 

pellet unless sonicated for hours and even after vigorous sonication, large clumps 

fall out of solution rapidly. The aggregation of 10 nm NPs can be seen in Fig. 4.5 

and from DLS, an increase in the size of the NPs following cleaning was 

observed. Similar results have been observed previously.(3) 

 

In order to purify NPs in such cases, dialysis has proven 

successful.(5,8,32,58,63,66) Our results showed little success in reducing the 

aggregation during purification of the nanoparticles using dialysis centrifuge 

tubes. Some success was noted using a dialysis bag for purification, however, this 

is a time consuming process, taking more than a week to purify the small NPs. 

The zeta potential of these NPs was also obtained in an attempt to determine the 

cause of aggregation. 

 

The zeta potential measurements indeed lead to a plausible explanation for the 

aggregation of smaller NPs. Measurements reveal that 10 nm silica NPs have a 

zeta potential of -17.6 ± 9.3 mV, whereas 30 nm silica NPs have a zeta potential 

of -43.1 ± 4.7 mV. From these results, the larger NPs have a higher negative 

charge, which causes the NPs to repel each other even when they are in close 

proximity to each other, which is required for purification of the NPs. NP 

dispersions less than 30 mV in magnitude are generally accepted as unstable, 

which our data supports.(11,47) The 10 nm NPs may be insufficiently charged to 

repel each other and therefore prone to a condensation reaction between them 

when in close proximity, causing potentially irreversible bonding between NPs. 

As small NPs also have a high surface energy, this aggregation is promoted in 

order to reduce the surface energy.(12) 
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Some functionalization of NPs was also assessed by zeta potential measurements. 

Upon functionalization with APTMS, the zeta potential increases up to 59.9 ± 7.4 

mV, and in contrast, functionalization using PEG silane results in zeta potential 

reduced up to -52.8 ± 9.9 mV. Either functionalization results in zeta potentials 

larger in magnitude than that of the bare NPs, which indicates that the APTMS 

and PEG silane functionalizations may be an effective way to reduce the 

aggregation of NPs. Varying effects have been observed previously based on 

different surface functionalization, making it valuable to evaluate different 

functionalizations of NPs.(24) 

 

A number of different NP architectures were developed depending on their 

purpose, as outlined in Fig. 4.6. For example, for the chicken embryo studies, 

random dye and covalent dye incorporation throughout the NP were strategies 

used to allow for effective detection by two-photon excitation fluorescence 

correlation spectroscopy. For effective circulation in chicken embryos, the 

fabricated NPs were ~100 nm in diameter or less. In contrast, for efficient single-

particle detection by flow cytometry, particles of 1 µm or larger were synthesized 

with sufficient fluorescence. With these large particles, more effective 

incorporation of dye was established with covalent-dye incorporation within a 

silica shell to meet the fluorescence requirements. This architecture also proved a 

more effective fluorophore architecture for silica NPs with incorporated iron 

oxide NPs. 

 

In order to detect the NPs, fluorophore incorporation in NP design was  studied. 

One method of dye incorporation in NPs involves functionalization of the silica 

NP surface with functional silanes, to which the dye can be covalently 

linked.(15,19,28) Our first attempt at synthesizing fluorescent NPs involved 

functionalization with a thiol silane, followed by reacting with a maleimide 

pyrene dye. Although the fluorescence could be seen visually under UV 

illumination, the fluorescence decreased significantly over time. This has 
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previously been noted, and a number of different pathways, including interaction 

with the solvent could cause photobleaching of the dye.(49,59) 

 

 
Figure 4.6. NP and MP architectures developed herein. 

 

The dye-shell architecture displayed in Fig. 4.6 works well for MPs. It is well 

accepted that thin layers of sol-gel silica are transparent, however, they appear 

white due to their scattering of light.(5,28,35) Although not an issue when the 

NPs are small, the light scattering properties of silica NPs more than 100 nm in 

diameter becomes problematic for effective detection of incorporated dye.(12,61) 

Specifically, dye cores incorporated in MPs provide insufficient fluorescence for 

effective detection. For this reason, dye was incorporated into a shell, an effective 

method previously noted for dye incoporation.(14,15,33,49)  

 

The Stöber method used to synthesize silica nanoparticles of varying diameter is 

easily modified in order to develop the different architectures. Although the 

Stöber method is an effective synthetic method, it is sensitive to experimental 

factors such as small changes in reagents and temperature which can vary the size 

of the NP product.(43,46) Even the stir rate was found to have an effect on the 

synthesis. For example, at a stir rate where there is a consistent dip just on the 

surface of the reaction solution for a 100 nm NP synthesis, the NP size was ~100 

nm, however, when stirred with a large vortex, the NP size was ~120 nm. Under 
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the large vortex conditions, the solution sputters, leaving a white film on the side 

of the flask that was difficult to wash off. Stirring becomes even more critical 

when synthesizing MPs since the core NPs are heavy and settle out of solution if 

the stirring is insufficient, causing a large decrease in the monodispersity. For this 

reason, a 4-inch stirbar must be used in a 0.5 – 1 L vessel rather than the 2-inch 

stirbar used for the 300 mL vessel used in the 100 nm NP synthesis. 

 

In refinement of the MPs, the best reproducibility and monodispersity results were 

obtained by larger particles grown through a shell methodology via a modification 

of a previously reported method.(64) In a typical reaction, silica core 

nanoparticles (~400 nm) are synthesized by the Stöber method using distilled 

tetraethoxysilane (TEOS), ethanol, ammonia and water.(43) The size is then 

increased to ~950 nm by additions of undistilled TEOS and water to the reaction 

mixture, creating shells of silica around the silica core 

nanoparticle.(19,40,42,44,49) The distilled TEOS was found to improve the 

monodispersity of the synthesized core NPs, however made no significant 

difference in the monodispersity of the MPs when used for silica shell additions. 

The desired dye (an isothiocyanate derivative) is then reacted with an amine 

derivative of a silane, which is covalently incorporated into yet another shell. 

 

Fluorescent dye incorporation into NPs has proven a challenge in preventing 

fluorophore leaching and photobleaching. A number of organic fluorescent dyes 

including tetramethylrhodamine isothiocyanate (TRITC), and isothiocyanate 

dericatives of Alexafluor 647 (AF647) and 488 (AF488) can be covalently bonded 

to the silica matrix of the growing silica matrix. The covalent incorporation of 

dyes often increasing the photostability of the incorporated dye over that of the 

free molecule.(61,64) Two outer silica shells, at minimum, were then added in 

order to further minimize photobleaching, an architecture which has proven 

successful under our conditions.(1) A fluorescence image of these microparticles 

can be seen in Fig. 4.7. 
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Figure 4.7. i) Silica MPs with an outer shell containing AF647 incorporated 
imaged using a fluorescence microscope overlay of bright field and fluorescence 
using a Cy5 filter. Images of MPs containing AF647, AF488, and no dye (left to 
right) under ii) white light and iii) UV light. 
 

The detection of MPs with either AF647 or AF488 incoporation by flow 

cytometry were successful as demonstrated in Fig. 4.8. In comparison to MPs 

without incorporated fluorophores, greater than 99% of the fluorophore-

containing MPs were detected by flow cytometry. This indicates that the 

incorporation of dye is effective, as well as the effective detection of these MPs 

by flow cytometry. 
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Figure 4.8. Effective detection of the fluorophores both i) AF647 and ii) AF488 
incorporated in a shell of MPs in comparison to MPs without fluorophore 
incorporation by flow cytometry. 
 

This dye shell was also performed using 100 nm NPs as core particles. Adding 4 

shells to the 100 nm NPs results in an increase in size from 100 ± 10 nm to 120 ± 

10 nm. Incorporated AF647 was also effectively detected, however it was not 

possible to detect single 100 nm NPs by flow cytometry. 

 

In order to characterize the incorporated dye, excitation and emission spectra for 

both 100 nm and 1 µm NPs were obtained. The absorption maximum and 

emission maximum reported for AF647 dye by the manufacturer are 650 nm and 

668 nm respectively. The covalently-bound AF647 excitation maximum in both 

the NPs and MPs was about 653 nm and the emission maximum in both the NPs 

and MPs was about 665 nm. Although there was no deviation between the 

wavelengths obtained for both the NPs and MPs, the intensities were quite 

different. The emission intensity of the 100 nm NPs was 290 000 counts/s 

compared to the 35 000 counts/s for the 1 µm MPs, a difference that arises from 

differences in syntheses. 

 

The MPs were easily detected by flow cytometry, however, for detection in vivo, 

much greater fluorescence intensity is necessary. As such, the amount of 

fluorophore added was increased and, as demonstrated in Fig. 4.9, by increasing 

the amount of AF488 incorporated in the MPs, the fluorescence correspondingly 
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increases. No quenching of the dye was noted within the amounts of dye used and 

appropriate dye concentrations for further studies in vivo were identified. For flow 

cytometry detection, 500 µg AF647 per gram of MPs was determined optimal 

since the fluorescence is highest and stays within detection limits of our 

instrument at this concentration. In contrast, 800 µg AF488 per gram of MPs 

optimizes detection by our flow cytometry instrument. 

 

 
Figure 4.9. Detection of fluorescence of MPs by flow cytometry with varying 
amounts of incorporated i) AF647 and ii) AF488 dye. 
 

The preparation of fluorescent core NPs was accomplished as previously 

reported.(64) The resulting NPs were approximately 30 nm in diameter and can be 

seen in Fig. 4.10. These particles are then added to the Stöber synthesis to give 

NPs of about 130 nm in diameter and the fluorescence was effective, however, 

their detection was ineffective by two-photon excitation fluorescence correlation 

spectroscopy (TPE-ECS). Instead, random dye incorporation of Rhodamine 6G 

(R6G) have provided a successful NP architecture for TPE-ECS characterization. 

In comparison to the Stöber NPs formed in the absence of dye, which have 

smoother, more circular shape, however, the NPs formed with incorporated dye 

have a rougher surface, as shown in Fig.4.3ii. 
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Figure 4.10. Images of 20 nm fluorescent core nanoparticles and TRITC dye 
under white light (left) and under UV light (right). 
 

In a collaborative effort, the circulation behaviour and toxicity of PEGylated 

fluorescent silica nanoparticles of several sizes are being investigated in chicken 

embryos. Using TPE-ECS, the blood concentration of NPs can be measured in a 

living chicken embryo model. The NPs of 100 nm or less were found to stay in 

the vessel of chicken embryos rather than leaking, and no toxic effects were 

observed, and the NPs were found to circulate for up to an hour with minimal loss 

in fluorescence. These NPs in chicken embryos can be seen in Fig. 4.11. These 

results are promising in supporting the biological safety of these NPs, which is 

critical in their commercialization, however, any changes in the surface and size 

could result in vastly different results. 

 

    
Figure 4.11. Images of nanoparticle solution injection (left), and vessel (right) in 
chicken embryo. 
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Figure 4.12. A bright field TEM image (left) and a high angle angular dark field 
TEM image (right) of the magnetite core nanoparticles. 
 

Magnetite NPs are widely studied for their efficient removal from solution in the 

presence of a magnetic field.(2,14,39) The preparation of magnetite core 

nanoparticles was accomplished as previously reported.(67) The resulting 

nanoparticles were approximately 30 nm in diameter, shown in Fig. 4.12, which 

are then added to the Stöber synthesis to give nanoparticles of about 130 nm in 

diameter. Both the 30 nm and 130 nm NPs were effectively removed from 

solution using a NdFeB magnet, demonstrated in Fig. 4.13. This efficient removal 

occurs in about a minute and in less than a minute if the vial is placed against this 

magnet. 

 

   
Figure 4.13. Magnetic nanoparticles in water within 5 seconds of mixing and 
exposure to a magnetic field (left), and their removal from solution after about a 
minute in a magnetic field (right). 
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Incorporation of dye with magnetic nanoparticles is known to be ineffective when 

in close proximity to iron oxide.(14,15) By incorporating dye into the silica shell 

directly surrounding the magnetite, no fluorescence could be detected and even by 

incorporating dye within the addition of the 100 nm Stöber silica layer, inefficient 

fluorescence was detected. However, by incorporating the magnetite cores in the 

MP synthesis, effective dye fluorescence was detected, but the MPs could not 

effectively be removed magnetically. Even at ~400 nm diameter, the NPs could 

not be effectively captured with a magnetic field, an effect that has previously 

been noted.(16) Further refinement was not conducted, however, incorporation in 

a MP shell has proven effective in other work.(33) 

 

CONCLUSIONS 

A variety of NPs in a range of sizes from 10-1000 nm have successfully been 

prepared. The sizes were confirmed by SEM images and DLS, however, DLS was 

ineffective for sizing MPs and many types of fluorescent NPs. Additionally, from 

DLS data, it was noted that smaller NPs aggregate upon centrifugation as a 

purification step. This aggregation was confirmed by SEM images, however, the 

sizes between DLS data and SEM images are inconsistent. These aggregation 

issues were observed for NPs less than 100 nm in diameter. From these results, 

the NPs less than 100 nm are insufficiently charged to effectively repel each 

other, necessary for the prevention of condensation reactions between NPs which 

would cause aggregation. Funtionalization of NPs with PEG and amine silanes 

was also evaluated by zeta potential measurements and these functionalizations 

were found effective in increasing the magnitude of charge even for smaller NPs, 

which could effectively reduce their tendency to aggregate. 

 

A number of different NP architectures were developed depending on their 

purpose, including magnetic core-shell NPs were developed in order to facilitate 

magnetic capture. Fluorescent NPs were also developed for effective detection, 

and both random dye and covalent attached dye incorporated architectures were 
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successfully developped. Dye incorporated into a NP shell was effective for NPs 

100 nm or larger and adding silica shells to surround any incorporated dye 

protected the integrity of the dye. This was not performed for dye-functionalized 

on the surface of NPs and this architecture was found to have unsuitable 

photobleaching properties. The NPs with incorporated dye were successfully 

detected by fluorescence imaging, flow cytometry, and two-photon excitation 

fluorescence correlation spectroscopy (TPE-ECS). Increased dye concentration 

was used to achieve optimal detection by flow cytometry for potential in vivo and 

in vitro applications, such as the detection of antigens. 

 

EXPERIMENTAL 

Materials.  

Unless otherwise indicated all materials were used as received. Glacial acetic 

acid, and potassium chloride (ACS grade) were purchase from EMD; 100% 

ethanol from Commercial Alcohols; and tetraethyl orthosilicate (TEOS) (reagent 

grade, 98%), (3-aminopropyl)trimethoxysilane (APTMS), sodium azide (99.5%), 

and sodium (99%) from Aldrich; Acetic anhydride (97%), pyridine (99%), 

acetonitrile (99.5%), piperidine (99%), and methanol (99.5%) from Caledon; 

Alexa Fluor® 488, 647 and 750 carboxylic acid, succinimidyl ester mixed 

isomers from invitrogen. 2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane 

(PEG) and 3-mercaptopropyl trimethoxysilane (MPTMS) were purchased from 

Gelest Inc.  18 MΩ!cm (Barnstead) water was freshly generated before use.  

NH3, maleimide pyrene, iron oxide np reagents 

 

Methods.  

Preparation of 1 µm Stöber microparticles (MPs). In a 500 mL Erlenmeyer flask, 

340 mL of ethanol, 10.6 mL ammonia, and 38 mL 18 MΩ!cm water were stirred 

magnetically with a 4-inch stribar and the Erlenmeyer flask was covered with 

parafilm. At the same time, about 20 mL of distilled TEOS is obtained in a vial. 

Both the ethanol solution in the Erlenmeyer flask and TEOS  in the vial are cooled 

in an icebath for a minimum of 1 h. When both are sufficiently cooled, 18.9 mL of 
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the distilled TEOS is added to the Erlenmeyer flask, and the flask is cooled for a 

minimum of an additional 4 hours, after which the flask is allowed to slowly 

warm to room temperature as all of the ice in the icebath melts. After the reaction 

is allowed to stir for a minimum of 10 hours after warming to room temperature, 

additions of water and TEOS are made. Each addition consists of 0.64 mL of 18 

MΩ!cm water followed by 4 mL TEOS (30 minutes after the addition of water). 

Each addition is added a minimum of 3.5 h following the previous addition. A 

total of about 22 additions are made until the size reaches over 900 nm in 

diameter as determined by SEM. This reaction can be stopped at any point, but 

the particles should be centrifuged and redispersed in the original solvent 

(ethanol, ammonia and water) if left more than two weeks. In the 23rd addition, 5 

mg equivalent of dye from the covalent dye attachment procedure is added in 

order to synthesize fluorescent MPs. A minimum of two final additions are made 

in order to complete the synthesis of the microparticles for a grand total of 25 

additions of TEOS in order to achieve the 1 µm size. These last 3 additions must 

be performed within 2 days in order to preserve the integrity of the dye. 

 

Preparation of 100 nm Stöber NPs. In a 300 mL Erlenmeyer flask, 200 mL of 

ethanol, 12.4 mL of ammonium hydroxide and 0.84 mL of 18 MΩ!cm water was 

covered with parafilm and stirred magnetically for 30 minutes with a 2-inch 

stirbar at room temperature. If dye cores or random dye incorporation are being 

prepared, the dye cores or Rhodamine dye is added and stirred for the 30 minutes 

as well. Then 7.12 mL of distilled TEOS was added quickly while stirring 

vigorously.  For covalent dye attachment NPs, the equivalent to 2 mg of 

isothiocyanate dye derivative is added along with 0.70 mL TEOS 30 minutes after 

the addition of 0.055 mL water. At minimum, one more addition of 0.70 mL 

TEOS and 0.055 mL water was added in order to protect the dye. These two 

additions (including the dye) must be performed within 2 days in order to preserve 

the integrity of the dye. The stirring was reduced until a consistent vortex dip in 

the surface of the solution is just visible. The solution was allowed to react for at 
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least 12 hours. The nanoparticles are cleaned through centrifuging, decanting and 

dispersing by sonication three times.  

 

Preparation of 30 nm dye core NPs. This is a modification of a previously 

reported procedure.(64) In a 500 mL rbf, 373 mL ethanol, 5.4 mL 28 % ammonia 

and 6.2 mL water was stirred for 30 min. An equivalent to 1 mg of TRITC from a 

covalent dye incorporation synthesis and 4.5 mL TEOS are simultaneously added 

to the rbf. The reaction vessel was then wrapped in aluminum foil and capped 

with a septum. The solution is allowed to react overnight. The following day, 0.5 

mL aliquots of TEOS are added every 10 min for a total of 9.5 mL TEOS, or a 

total of 19 times. 

 

Preparation of 10, 20 and 30 nm Stöber NPs. This synthesis follows the general 

procedure outlined in the 100 nm Stöber NP. For the preparation of 10 nm NPs, 

40 mL ethanol, 0.052 mL water, 0.80 mL ammonia and 1.38 mL TEOS was used. 

For the preparation of 20 nm NPs, 100 mL ethanol, 0.16 mL water, 2.4 mL 

ammonia and 3.9 mL TEOS was used. For the preparation of 30 nm NPs, 200 mL 

ethanol, 1.2 mL water, 6.4 mL ammonia and 4.8 mL TEOS was used. 

 

Preparation of Fe3O4 core NPs. This preparation was a variation of a previous 

synthesis.(67) In a 100 mL 3-neck round bottom flask, 3.5 g sodium 

dodecylbenzene sulfanate was sonicated in 30 mL o-xylene for 15 min. In a 50 

mL beaker, 0.83 g Fe(II)SO4•7H2O and 2.42 g Fe(III)(NO3)3•9H2O were 

sonicated in 2.4 mL water for 15 min. The xylene mixture was then vigorously 

stirred using a mechanical stirrer as the iron solution was added dropwise to the 

round bottom flask. The solution was stirred overnight at 1060 rpm after being 

purged with nitrogen. The solution was then heated to 90°C and 2 mL 35% H2N-

NH2 in water was added dropwise. Nitrogen was flowed through the system, and 

using an oil bubbler, the rate was about 1 bubble/s. The solution was allowed to 

age for 3 hours. The mixture was then cooled to 40°C and 2.0 mL TEOS was 

added dropwise. It was allowed to react for 16 hours. The mixture is a deep brown 
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colour. The NPs were centrifuged and redispersed in ethanol twice. Commonly, 5-

10 mL of these final solutions are used as cores for a preparation of 100 nm silica 

NPs (using 100 mL of ethanol). 

 

Covalent dye incorporation. This is a modification of a previously reported 

procedure.(64) In a glovebox, a container of 5 mg of an isothiocyanate derivative 

of an Alexa Fluor or TRITC dye is dissolved in 4 pipettefuls of dry ethanol and 

emptied into a vial wrapped in aluminum foil. The dye is allowed to stir for a 

minimum of 45 min before 20 µL of distilled APTMS. The ethanol solution is 

allowed to react for a minimum of 10 h. The vial of dye is then added to the 

Erlenmeyer flask along with an addition during the addition of TEOS, whether 

during the addition for a shell or a core particle. This solution stays in the 

glovebox until immediately before use in a Stöber reaction and must be used 

within a week of preparation. Upon addition of this solution to a Stöber reaction, 

the reaction flask must be covered in aluminum foil. A minimum of two final 

additions of TEOS is made to protect the complete the synthesis of the 

microparticles. 

 

Random dye incorporation. To a 100 mL NP batch, 0.100 g R6G was added to 

100 mL ethanol. The solution is stirred until it is pink and most of the solid is 

dissolved. When only a grain or two of dye is left in the bottom, about 15 min of 

magnetic stirring, the ammonia and water are added, and stirred as per the NP 

synthesis procedure. 

 

Dye surface attachment. To a 30 mL portion of 100 nm NPs functionalized with 

20% MPTMS, 0.050 g of maleimide pyrene dye is added. As well, 0.12 mL 28% 

ammonia is added in order to ensure basicity of the solution. The solution was 

stirred overnight. When the solution was centrifuged in order to purify the NPs, 

the pellet had a distinct yellow tint in comparison to NPs without dye. 
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Surface functionalization with silanes. Using the average size determined from 

SEM images and the volume of TEOS used, the number of moles of silane to 

functionalize the NPs or MPs was calculated with a spreadsheet. The assumptions 

incorporated into the spreadsheet are as follows: the density of silica is 2.0 g/mL, 

each silane molecules functionalized on the surface of a NP covers 2 nm2 of the 

surface area and the TEOS is 100% converted into silica. The spreadsheet 

calculates the surface area, volume and weight per particle, the number of 

particles in the mixture and the total NP surface area in solution. From this, the 

number of moles of silane required to functionalize the NPs is calculated. Using 

the molecular weight of the silane, the volume of silane can then be calculated. 

For example, 100 mL of a 100 nm NP synthesis preparation solution with a 

particle size of 100 nm and a silane 179 g/mol gives a volume of 1.42 µL silane 

required to functionalize the NPs. 

 

Characterization. 

Dynamic Light Scattering (DLS) data was obtained using a Malvern Zetasizer 

Nano-S. SEM was carried out using a Hitachi S-4880 FE-SEM operating at 5-15 

kV. TEM images were obtained using an Hitachi HF-3300.  
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CHAPTER 5 – FUNCTIONALIZATION OF SILICA 

NANOPARTICLES AND MICROPARTICLES 
 

INTRODUCTION 

Composite materials are extremely attractive for the opportunity of tailoring and 

incorporating a variety of properties that may otherwise be impossible to 

achieve.(1-5) For example, most nanobiotechnologies, from diagnostics to 

pharmaceuticals, can benefit from advances in composite materials.(2,5-11) 

Composite materials containing biomolecules, such as carbohydrates, are 

particularly interesting for the possibility of creating biomimetic surfaces, but for 

such endeavours, the surface composition is critically important.(12-15) 

Carbohydrates are involved in a number of different biological processes and their 

effective and efficient immobilization on surfaces is necessary in order to 

fabricate successful composite materials.(10-14,16-22) 

 

Nanoparticles (NPs) and microparticles (MPs) show great promise in biomedical 

applications.(10,11) They have shown benefits such as high surface area, 

enhanced chemical stability, and enhanced reactivity of surface moieties that can 

be utilized for the purpose of immunoassays.(1,6,7,10,20) In order to utilize the 

properties of NPs, surface modification of the NPs is necessary.(1,2,6,9) The most 

common type of nanomaterial used for biomolecule attachment is gold 

NPs.(10,17) Gold is attractive for its biocompatibility and the surface plasmon 

resonance of gold NPs allows their use as probes, or fluorophores can also be 

immobilized on them.(6,12,23-26) In particular, gold NPs have shown enormous 

promise in biomolecule immobilization, of which thiol attachment has widely 

been used and are of particular interest for biodiagnostics.(4,6,8,10,23,27-31) This 

functionalization of gold NPs is demonstrated in Fig. 5.1i). However, ligand 

stability is crucial for nanoparticle stability and thiol monolayers on gold are 

unstable under certain conditions, however, silica allows for more stable 

functionalizations.(3,32)  
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Figure 5.1. i) Functionalization of a variety of molecules, including fluorophores 
and biomolecules, have proven successful using thiol derivatives.(10,23,27,31) ii) 
Trialkoxysilanes derivatives of molecules, from polymers to biomolecules, have 
successfully functionalized silica nanoparticles.(1,4,19,33,34) 
 

Silica nanoparticles are particularly appealing for their biocompatibility, and ease 

of synthesis and functionalization.(3,8,19,32,35-37) By incorporating dyes, these 

nanoparticles integrate detection capabilities necessary for 

immunoassays.(6,8,19,32,38,39) Direct surface modification of silica NPs with a 

number of different molecules, including biomolecules and polymer, has been 

effective using silanes, as demonstrated in Fig. 5.1ii.(1,4,6,8,15,19,33,34,40-43) 

Silane-functionalized surfaces are notable for the stability of the immobilized 

molecules.(18,32,43-46) In order to conserve the integrity of the biomaterials in 

biological environments, prevention of nonspecific protein binding is essential, an 

area where poly(ethylene glycol) (PEG) has shown promise.(7,23-25,47-50) 

Using PEG as a linker molecule for further functionalization has also previously 

been demonstrated offering covalent bonding of PEG and additional 

molecules.(13,21,23,51-53) 
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Immobilization of biomolecules requires both physical and chemical stability, as 

well as specific orientation of the biomolecule in order to preserve its selectivity 

and sensitivity for detection.(8,10,17,54,55) Chemical conjugation using linkers is 

an attractive method that fits these criteria, efficiently forming covalent bonds to 

specific sites under controlled conditions.(5,8,18,21,23,42,43,54-56) The 

immobilization of molecules, including biomolecules and polymers has proven 

successful on silica substrates, and amino-terminated thin films on silica have 

previously been used to immobilize biomolecules such as carbohydrates or 

proteins, as depicted in Fig. 5.2i.(5,8,18,20,21,54,56,57) Using  N-

hydroxysuccinimide (NHS) ester (Fig. 5.2ii) or p-nitrophenyl (PnP) derivatives 

(Fig. 5.2iii), biomolecules can efficiently be immobilized on amino-terminated 

substrates, while maintaining biological activity and 

stability.(10,12,17,18,23,51,54) Specifically, the reaction between PnP derivatives 

and amine functional groups forms a stable carbamate bond.(51) 

 

 
Figure 5.2. i) Amine-terminated silica nanoparticles can be synthesized using 
functional silanes.(5,12,20,54) These amine-terminated nanoparticles can 
subsequently be functionalized with desired biomolecules using i) NHS ester 
derivatives,(20,23,51,54) and ii) PnP derivatives.(51) 
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Immunoassays using fluorescent antibodies are widely used from research to 

clinical settings.(10,13,21,24,58) The specificity and affinity of antibodies toward 

biomolecules is highly desirable to produce sensitive, reliable and cost-effective 

immunoassays.(2,8,17,18,23,35,47) They have found use in determining 

biomolecule immobilization, which is of great interest for immunoassay 

diagnostics.(2,54)  

 

Herein, silica NPs and MPs were functionalized with monosaccharides (MSs) and 

trisaccharides and tetrasaccharides (collectively TSs). Silane derivatives of 

saccharides and of PEG, and silane linker molecules were used to directly 

functionalize the NPs and MPs. Additionally, functionalization of PEG linker 

molecules was successfully performed using amine-terminated NPs and MPs. The 

PEG linker molecules were subsequently functionalized with TSs. These 

functionalizations were confirmed by fluorescent lectin and antibody detection. 

 

RESULTS & DISCUSSION 

A number of different architectures of nanoparticles (NPs) were selected for 

further functionalization. Three different syntheses were first used to functionalize 

the silica NPs with the monosaccharide (MS), shown in Fig. 5.3, along with PEG 

silane to reduce nonspecific protein binding. In the PnP synthesis, the NPs are 

first functionalized with a mixture of aminopropyltrimethoxy silane (APTMS) and 

poly(ethylene glycol) (PEG) trimethoxysilane. The amine functional groups on 

the NP are then reacted with the activated ester MS derivative in order to couple 

the MS to the NP. Alternatively, in the AS synthesis, the NPs are functionalized 

with a MS silane, similar to the method described in Chapter 3. Thiol-ene 

coupling was used to couple alkene derivatives of the MS to NPs functionalized 

with mercaptopropyltrimethoxysilane (MPTMS). 
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Figure 5.3. The synthesis of silica NPs functionalized with monosaccharide. The 
PnP synthesis involves the coupling of an activated ester to amine-functionalized 
NPs. The AS synthesis involves the alkoxy silane coupling to silica NPs. The 
Thiol-ene synthesis involves coupling an alkene derivative to thiol-functionalized 
NPs. 
 

The MS used in these experiments is N-acetylglucosamine (GlcNAc) and using 

two fluorescein isothiocyanate (FITC) labelled lectins, it is possible to identify 

that there is monosaccharide attachment. Similar to the ELLA described 

previously, a wheat germ agglutinin (WGA), which specifically binds to GlcNAc, 

and a peanut agglutinin (PNA), which binds specifically to b-galactose, were 

used.(59) This detection method is outlined in Fig. 5.4 
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Figure 5.4. Schematic of silica NP surface functionalization via thiol-ene 
chemistry and detection of GlcNAc. 
 

Of these fluorescent lectins, binding of WGA is selective for GlcNAc, whereas 

PNA is not. In these experiments, the silica NPs are not fluorescent. As expected, 

the WGA lectin fluorescence was detected in the silica NPs functionalized with 

GlcNAc in both the alkoxy silane (AS) and the activated ester (PnP) syntheses. 

This confirms the presence of the MS attachment from both syntheses, shown in 

Fig. 5.5. The PNA showed no recognition of the GlcNAc, indicating that there is 

no nonspecific binding of the PNA lectin to GlcNAc. Additionally, neither of the 

100% PEG functionalized NPs displayed a fluorescence signal. This indicates that 

there is no nonspecific binding of either the WGA or PNA lectins to PEG.  
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Figure 5.5. The fluorescence microscopy images of FITC labelled wheat germ 
agglutinin (WGA) and peanut agglutinin (PNA) binding to silica NPs 
functionalized with GlcNAc through PnP and AS syntheses. 
 

Although GlcNAc attachment was confirmed in both the AS and PnP syntheses, 

the efficiency of MS attachment cannot be assessed using this method. The 

fluorescence signal from the AS attachment over PnP attachment of GlcNAc 

appears stronger in the images displayed in Fig. 5.5, which is confirmed by the 

fluorescence intensity displayed in Fig. 5.6. Many factors may have contributed to 

this increased fluorescence, however, it can be surmised that the fluorescence 

from both samples with GlcNAc treated with WGA was significantly above 

baseline fluorescence. 
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Figure 5.6. Fluorescence intensity obtained of fluorescent wheat germ agglutinin 
(WGA) and peanut agglutinin (PNA) binding to silica NPs functionalized with 
GlcNAc through PnP and AS syntheses. 
 

In order to assess the silane functionalization of NPs, solution mixtures of PEG 

silane and mercaptopropyltrimethoxysilane (MPTMS) were used to functionalize 

100 nm silica NPs. These mixed-silane NPs were characterized by high resolution 

XPS, shown in Fig. 5.7. From the C1s spectra, three peaks can be seen, at about 

287.5, 285 and 283.5 eV. The peak at 283.5 eV is typical for carbon derived from 

C-C and C-H bonds and the higher binding energy peaks of carbon are associated 

with carbon bound to more electronegative elements such as the peak at 285 eV, 

associated with C-O. From Fig. 5.7i), it can be seen that higher carbon content is 

associated with C-C and C-H in functionalization mixtures with higher 

concentrations of MPTMS. In contrast, higher concentrations of PEG silane 

contribute to a higher carbon content associated with C-O. These results are 

expected from the increased number of C-O bonds in PEG silane as opposed to 

MPTMS. 
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Figure 5.7. High resolution XPS of i) C1s and ii) S2s peaks for silica NPs 
functionalized with mixtures of MPTMS and PEG silane. 
 

From the S2s spectra shown in Fig. 5.7ii), it is apparent that the sulfur content 

increases as the concentration of MPTMS in the silane mixtures increases. Since 

the PEG silane contains no sulfur, the only sulfur content should be derived from 

MPTMS, which indicates that as the MPTMS concentration is increased in 

solution, the MPTMS content on the functionalized NPs also increases. This is a 
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good indication that the silane mixture in solution roughly correlates to the silane 

mixture functionalized on the surface of the NPs.  

 

It is well known that alkoxy silanes tend to form more branched clusters than 

layers under base conditions, and these NPs are prepared in basic conditions and 

subsequently functionalized in the same solution.(60). As such, it can be surmised 

that some of the saccharide silanes will react with each other over the silica NP 

surface, and therefore the silane may be inefficiently functionalize the surface. 

This is not a substantial concern in dealing with the MS, however is a much more 

significant concern when we move to functionalization of NPs with the TSs.  

 

An additional method was attempted in order to reduce the amount of saccharide 

used in the AS synthesis. In this alternative procedure, the NPs were first 

functionalized with mixtures of MPTMS and PEG silane. Then, the GlcNAc 

alkene was added to the NP solution and the solution was irradiated, a variation 

on the method used in our stainless steel work outlined in previously Fig. 3.6. 

Although this variation on the procedure was possible for NP functionalization, 

this is impractical in the case of our stainless steel work. Since the NPs are in 

solution, they may move in solution such that all sides of each NP may be 

irradiated. However, with stainless steel stents, it is difficult to irradiate the 

interior of the stent, which is the preferable surface to functionalize. 

Unfortunately, this variation to the procedure had limited success as the GlcNAc 

was detected, however, the signal from fluorescent lectin binding was not as high 

as obtained from the AS synthesis depicted in Fig. 5.3. For more efficient and 

consistent attachment of silanes, the PnP synthesis was selected for both the TS 

and PEG functionalization of NPs. 

 

The methodology for PnP attachment of molecules onto 1 µm fluorescent silica 

MPs is outlined in Fig. 5.8. The silica MPs were first amine-functionalized using 

APTMS followed by conjugation of PEG using an NHS ester derivative.  The 

fluorenylmethoxycarbonyl (Fmoc) protecting group shown in Fig. 5.8 on the PEG 
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was then removed to provide a particle with a secondary free amine residue.  The 

antigen can then be covalently attached, using an A type I antigen with an 

activated p-nitrophenyl (PnP) ester.  It is widely accepted that trialkoxysilanes 

typically do not form pristine monolayers, but rather a networked siloxane 

layer.(61,62) To ensure that the APTMS functionalization is optimized, a semi-

quantitative method is used by performing the reactions described in Fig. 5.8i-iii 

on MPs without incorporation of fluorophores, and by detection of the amount of 

Fmoc removed by UV-Vis spectroscopy.   

 

Increased Fmoc detection was deemed the semi-quantitative benchmark to 

improving experimental factors since assays of the number of reactive amino-

groups have proven useful in quantification for the immobilization 

biomolecules.(20,23) In order to standardize the functionalization, the MPs were 

centrifuged, and the solution was decanted, and replaced with fresh basic solution 

(referred to as B in Fig. 5.9, the same solution used for the reaction, without 

TEOS). This showed only minor increases in Fmoc over the original reaction 

solution, but gave more reproducible results. Additionally, doubling the amount of 

base in solution (referred to as DB in Fig. 5.9i), using an acidic instead of basic 

solution, and curing of samples offered no further increases in Fmoc detection. In 

the histograms of Fig. 5.9, the absorbance is relative, as it has been corrected for 

the weight of microparticles used. 
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Figure 5.8. The MPs are i) amine functionalized, followed by ii) functionalization 
with PEG.  iii) The Fmoc protecting group must be removed from the PEG before 
the iv) PnP derivative of the A type antigen can be bound to the MPs. 
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Figure 5.9. The results of the semi-quantitative detection of Fmoc obtained in 
order to maximize functionalization using different concentrations of APTMS and 
base. 
 

The standard “1” APTMS functionalization of silica NPs was calculated using a 

spreadsheet with a number of assumptions incorporated. These assumptions 

include 100% conversion of TEOS to silica, a density of 2 g/mL of the produced 

silica NPs and the surface area of 2 nm2 occupied by an attached silane. Although 

these assumptions may be naive, it offers a reasonable starting point. However, 
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increasing the APTMS 4-fold increases the amount of Fmoc detected as 

demonstrated in Figure 5.9ii.  By increasing the amount of APTMS further (up to 

16-fold), no more improvement was achieved, with the 16-fold increase yielding 

results within experimental error. The microparticle solutions were stirred during 

synthesis and continually in a round-bottom flask covered in parafilm until 

functionalization, which reduces evaporation of solvent, but does not eliminate 

this evaporation. As such, the 16-fold increase in APTMS was used as the 

convention in order to circumvent any issues of increased MP concentration in 

solution.  

 

To confirm the A type I antigen expression on the MPs, the antibody detection 

outlined in Fig. 5.10 was used. The MPs were first treated with mouse anti-human 

A antigen IgM. These were then treated with goat anti-mouse IgM with an 

attached phycoerythrin (PE) fluorophore. This type of antigen detection can be 

performed for a number of different antigens with corresponding antibodies. The 

fluorophores attached to the antibody can then be detected using flow cytometry.  

 

 
Figure 5.10. The detection of A antigen on MPs using antibodies. 

 

Silica microparticles functionalized with PEG and the A, B, or H (the 

carbohydrate which represents O blood type) antigens were prepared and flow 

cytometry results obtained for A and B antigen-functionalized MPs (Fig. 5.11) 

confirm that the MPs were >99% positive for A and B antigens respectively. In 
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particular, the A type antigen has proven stable for up to one month - the >99% 

antigen detection has been confirmed for samples within one week and one month 

after functionalization. Additionally, the nonspecific binding of anti-B antibodies 

to A antigens was assessed and from the flow-cytometry results (Fig. 5.11i), it is 

evident that there is no nonspecific binding of anti-B antibodies to MPs 

functionalized with A antigens. From Fig. 5.11ii), however, a minor amount of 

nonspecific binding anti-A antibody was detected on MPs functionalized with B 

antigens. No nonspecific binding of the goat anti-mouse IgM antibody to either A 

or B antigen functionalized MPs was detected as the black dashed line in both Fig. 

5.11i) and ii) is centred around zero. 

 

 

 
Figure 5.11. Flow cytometry detection of antibodies bound to i) A antigen and ii) 
B antigen.  
 

In order to further assess the selectivity of the antibody detection, an antibody 

with an attached Alexa Fluor® 488 dye was used. The MPs tested had Alexa 

Fluor® 647 dye incorporated in a silica shell. In this way, both the MP and the 

antibody can be detected simultaneously. In Fig. 5.12, the fluoresence of the MPs 

appears on x-axis, and the fluorescence of the antibody y-axis. From the results 

obtained by flow cytometry, clearly different populations of functionalized MPs 

were isolated. Specifically, 100% acetylated (NHAc) as opposed to 100% A type 

functionalizations could be identified. This means that if the PEG functionalized 

MPs are acetylated instead of further functionalized with A type antigen, the 
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antibody will not bind to them. This confirms little nonspecific binding of anti-A 

antibodies to acetylated PEG functionalized MPs. 

 

 
Figure 5.12. Flow cytometry results for A type II surface functionalization.  The 
difference between A type II functionalized surface versus acetylated (NHAc) 
surface to the anti-A antibody can be clearly observed. 
 
In order to assess the detection of A type antigen at different concentrations, the 

amine-terminated PEG was functionalized with mixtures of PEG and A type II 

derivatives. Again using an anti-A antibody with an attached Alexa Fluor® 488 

dye, the A antigen can be detected when attached MPs, as shown in Fig 5.13. 

From this data, it is apparent that effective A type antigen detection can be 

accomplished even at a concentration of 10%. The signal does increase for the 

detection of 40% A type antigen, but levels off at higher concentrations. 

Interestingly, there appears to be less nonspecific binding of the anti-A antibody 

to the MPs when 10% of the linker PEG is acetylated (NHAc) instead of 100% 

PEGylated. This is apparent from the tail of the brown spectra for the 100% PEG 

sample from Fig. 5.13. 
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Figure 5.13. Flow cytometry results for A type II surface functionalization. Anti-
A antibody was used labeled with Alexa Fluor® 488 dye. Again, these MPs had 
Alexa Fluor® 647 dye incorporated in them. 
 

One key advantage to this work with the PnP linker, previously mentioned, is the 

ability to functionalize MPs and NPs conservatively with TSs. Specifically, the 

amine functionalized MPs used for testing in Fig. 5.13 required 1.2 mg A type II 

antigen, whereas 10 or more mg would be required in the functionalization of 

MPs with silanes. This demonstrates the more efficient use of the expensive TS 

with PnP attachment while Fig. 5.15 confirms its effective functionalization and 

the biological availability even at 10% A type II functionalization of the MPs.  
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Figure 5.14. Flow cytometry results of fluorescent anti-PEG antibody. 

 

To supplement the results obtained by the anti-A antigen detection, an anti-PEG 

antibody was used to detect the PEG. The flow cytometry results using the anti-

PEG antibody with an attached Alexa Fluor® 488 dye are shown in Fig. 5.14. 

Here, the MPs are functionalized with mixtures of PEG and H antigens (the 

carbohydrate presented by O blood type cells). In this test, the increasing 

concentration of PEG from 0 to 100% complements increasing fluorescence. In 

this case, the fluorescence does not appear to level off above a particular 

concentration, as was the case with anti-A antibodies in Fig. 5.13. 

 

CONCLUSIONS 

Silanes were used to functionalize silica NPs and MPs. Specifically, 

monosaccharides (MSs) such as N-acetyl glucosamine (GlcNAc) were used to 

functionalize NPs as a model for more expensive tetrasaccharides (TSs), for 

which three different functionalization methods were developed. First, 

alkoxysilane derivatives of the MS were used to functionalize NPs. Second, 

mercaptopropyltrimethoxysilane (MPTMS) functionalized NPs were used to 

further functionalize with an alkene derivative of the MS under photoinitiation. 



 140 

Third, aminopropyltrimethoxysilane (APTMS) was used as a linker molecule for 

further functionalization of a PnP derivative of the MS. Although all 

functionalizations were successful, as determined using a fluorescent lectin, the 

amine-PnP functionalization was selected for further study for its minimal loss of 

saccharide in the process. 

 

MPs were functionalized first using an APTMS linker molecule and this 

functionalization was assessed and optimized for subsequent functionalization. 

These aminated MPs were then functionalized with a PEG linker molecule with 

an amine terminal group to then functionalized with TSs, as outlined in Fig 5.8. 

The presentation of TSs on fluorescent MP surface was characterized using 

fluorescent antibodies, and dual detection was confirmed by flow cytometry.  

 

EXPERIMENTAL 

Materials. 

Acetic acid was purchased from EMD and used as received. 3-mercaptopropyl 

trimethoxysilane (MPTMS), and the FITC conjugated lectins (WGA-L4895 and 

PNA-L7381) were purchased from Aldrich and used without modification. 2-

[methoxy(Polyethyleneoxy)propyl]-trimethoxysilane, and potassium chloride 

(99.999%) were purchased from Gelest Inc. (Morrisvile, PA, U.S.A.)  and used as 

received.  18 MΩ (Barnstead) water was freshly generated before use. Acetone 

was purchased from Fischer Scientific and used as received.  Glacial acetic acid, 

sodium chloride (ACS grade), magnesium chloride hexahydrate (ACS grade), 

potassium chloride (ACS grade), calcium chloride (anhydrous), and sodium 

bicarbonate (ACS grade) were purchased from EMD and used as received.  100% 

ethanol was purchased from Commercial Alcohols and used as received.  

DAROCUR 1173 (2-hydroxy-2-methyl-1-phenyl- propan-1-one) was purchased 

from Ciba Speciality Chemicals. 
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Methods. 

Preparation of phosphate buffer saline solution (PBS). For the biological assays, 

PBS at pH 7.4 was prepared. Phosphate buffer saline consists of a solution of 137 

mM NaCl, 2.7 mM KCl, 100 mM Na2HPO4, 2 mM KH2PO4 in deionized water. 

 

Alkoxysilane (AS) functionalization of NPs. Here, 10% MS, 90% PEG 

functionalization is described for simplicity. This procedure is similar to that used 

to functionalize stainless steel with MS silane. In a typical experiment, 2 mg of 

the MS silane (527 g/mol; 3.79x10-6 mol) was dissolved in 0.25 mL of 100% 

ethanol. To this solution, 17 µL 2-[methoxy(polyethyleneoxy)propyl]-

trimethoxysilane (19 mg, average MW = 550g/mol, 3.42x10-5) was added. This 

solution of silanes was added to 35 mL of a ~100 mL 100 nm NP synthesis 

solution (prior to cleaning of the NPs, when the solution is still basic). The 

solution was allowed to react overnight. The NPs were cleaned by centrifuging 

and redispersing in 100% ethanol twice, followed by water twice, and one final 

time in PBS. 

 

Thiol-ene coupling of MS to NPs. Here, 20% MPTMS, 80% PEG 

functionalization is described for simplicity. To ~100 mL 100 nm NP synthesis 

solution (prior to cleaning of the NPs, when the solution is still basic), 0.313 mL 

PEG and 31.5 µL MPTMS is added. The solution was allowed to react overnight. 

The NPs were cleaned by centrifuging and redispersing in 100% ethanol three 

times, followed by redispersing in methanol. To this, 5 mg of the MS alkene 

derivative and 2 µL DAROCUR 1173 was added. The solution was irradiated at 

254 nm and 1200 W (16 × 75 W lamps) for 30 min. The solution was then 

centrifuged and redispersed in methanol twice, followed by 100% ethanol twice. 

 

Functionalization of particles with APTMS. If the functionalization of particles 

followed the final addition in their synthesis by less than a week, then the 

functionalization is done directly. Otherwise, the particles are centrifuged, 

decanted and redispersed in their original solvent, their original solvent with 



 142 

double the amount of ammonium hydroxide, or acidic solvent of ethanol, 18 

MΩ!cm water and acetic acid in the proportions 90 : 5 : 5 mL. For example, a 

centrifuged sample microparticles are redispersed in the original solvent was 

redispersed in a solution of ethanol, ammonium hydroxide and 18 MΩ!cm water 

in the proportions of 340 : 10.6 : 38 mL. The size of the particles is obtained by 

averaging the size of a minimum of 150 particles as determined by SEM. From 

the average size, the surface area is calculated, and the amount of APTMS 

required is calculated. For smaller sample sizes, the APTMS is diluted in 

anhydrous ethanol in a glovebox. For example, to a 1.5 mL sample of 

microparticles with an average particle size of 935 nm, 84.8 µL from a mixture of 

10 µL APTMS in 1 mL anhydrous ethanol after stirring for a minimum of 10 min. 

Following the addition of APTMS to the mixture of microparticles, the mixture is 

stirred overnight before cleaning up the particles through centifugation. The 

cleaning typically involves centrifugation and resuspension in ethanol twice 

followed by twice in water. 

 

Functionalization of particles with FmocPEGSVA. Each experiment was 

conducted in triplicate plus an additional sample was acetylated for comparison. 

For each sample, about 10-15 mg of freeze-dried 100 nm NPs or about 50-60 mg 

of freeze-dried MPs were weighed into 1.5 mL or 2 mL eppendorf tubes. The 

acetylated samples were suspended in 0.5 mL pyridine and 50 µL of acetic 

anhydride, followed by rotation of the samples for 20 minutes and centrifugation 

and redispersion in DMA four times. All centrifugations are followed by removal 

of supernatant using a pipette. All samples were suspended in 0.5 mL DMA, and 

100 µL of 100 mg/mL FmocPEGSVA, and the samples were rotated overnight. 

All samples were centrifuged and resuspended twice in DMA followed by 

centrifugation and resuspension in acetonitrile twice. 

 

Semi-quantitative determination of APTMS functionalization. To the particles 

functionalized with FmocPEGSVA suspended in DMA, 300 µL of 20% 

piperidine in acetonitrile was added. The samples were left for 10 min for the 
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Fmoc to be removed from the PEG. The samples were then centrifuged, and the 

supernatant was removed by pipette and analyzed by UV-Vis. Particles were 

redispersed in 2 mM sodium azide, followed by centrifugation and redispersion 

once more in 2 mM sodium azide. 

 

Functionalization of PEG linker on MPs with antigen. The FmocPEGSVA 

functionalized MPs (up to 65 mg dry weight) resuspended in acetonitrile are first 

centrifuged and resuspended in 500 µL of 30% piperidine in acetonitrile and 

rotated for 10 minutes. All centrifugations are followed by removal of supernatant 

using a pipette. The particles were then centrifuged and resuspended in 1 mL 

acetonitrile twice. This centrifugation and resuspension was repeated twice with 

resuspension in 1 mL PBS, followed by a final resuspension in 0.5 mL PBS. To 

this, 1 mg PnP antigen in 100 mg DMA was added and mixed well. The MP 

solution was rotated for at least 24 hours. The particles were then centrifuged and 

resuspended in 1 mL DMA twice. The MP solution was then centrifuged and 

resuspended in 2 mM sodium azide in water twice and stored in the sodium azide 

until use, when it is centrifuged and resuspended in PBS directly before use. 

 

Detection of antigens on functionalized fluorescent microparticles. 1 µl of 

microparticles was mixed with 1 µl of anti-A1, A2, A3 blood antigen antibody 

(cat# 133-A, Virogen), anti-B blood group antigen antibody (cat# 140-A, 

Virogen) or anti-H blood antigen antibody (cat#142-A, Virogen) in 100 µl FACS 

staining buffer (FSB, PBS supplemented with 2% FBS (fetal bovine serum) and 

0.1% sodium azide) and incubated at 4°C. After 30 min, the microparticles were 

centrifuged at 300 g for 2 min and supernatant was discarded. Microparticles were 

resuspended in 90 µl FSB, mixed with 10 µl goat anti-mouse IgM (µ) R-PE (1:8 

dilution, cat# M31504, Invitrogen) and incubated for another 30 min at 4°C. After 

incubation, the microparticles were centrifuged at 300 g for 2 min and supernatant 

was discarded. The microparticles were washed with 200 µl FSB and resuspended 

in 100 µl FSB. Flow cytometric analysis was performed on the MACSQuant 
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Analyzer 10 (Miltenyi Biotec) and data analysis was done with FlowJo Software 

(version 7.6.5, Tree Star Inc.).     

 

Characterization. 

Nanoparticles characterized by XPS (Kratos Analytical, Axis-Ultra) were 

performed under high-vacuum conditions (<10-8 Torr) using monochromatic Al 

KR with a photon energy of 1486.6 eV, in the Alberta Centre for Surface 

Engineering and Science (ACSES).  The instrument was calibrated on the basis of 

the C 1s peak. 
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CHAPTER 6 – CONCLUSIONS  
 

Organ transplant is the necessary treatment for many lethal conditions including 

congenital cardiac malformations and cardiomyopathies in infants. Waitlists for 

these life-saving surgeries are long, availability of compatible donor organs is 

variable, and patients on them may be very ill, all of which can lead to the death 

of patients before successful organ transplants can be performed. Even after 

transplant surgery, patients must take immunosuppressive drugs with life-

threatening side effects. 

 

In organ transplant, ABO incompatibility, derived from the ABO polysaccharide 

antigens presented on tissue surfaces, seems an insurmountable barrier.(1-3) The 

antibodies present in human blood plasma can lead to hyperacute rejection of 

organs and patient death if ABO compatibility guidelines are not followed.(4,5) 

However, ABO incompatible transplants have been performed in kidney 

transplantation, where dialysis can prolong patient survival in the event of renal 

failure.(6-10) In contrast, ABO incompatible heart transplants have been the result 

of errors, and without alternative therapy options, in the event of cardiac failure, 

have proven lethal.(11)  

 

The immune system of an infant has not yet fully developed, and thus, the 

antibodies that cause hyperacute rejection are not present in their blood. This 

ABO blood barrier has been successfully surmounted with heart transplants in 

infants.(12) More than 100 successful ABO incompatible heart transplants have 

been performed using the same protocol, and although not all heart transplants 

using this protocol were successful, unsuccessful cases were unrelated to 

hyperacute rejection. This protocol expands the donor pool, dramatically 

decreases the waiting list mortality rate, and minimizes the need for 

immunosuppression drugs and their side effects, but is limited to infant patients. 
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Immunologic tolerance, the absence of developing immunity to the donor blood 

type, has been noted in patients following the ABO incompatible organ transplant 

protocol.(13) Although not well understood, this tolerance can be induced when 

foreign antigens are introduced to an immature immune system, and is thought to 

arise from the same process as self-tolerance.(14-17) The tolerance to the donor 

ABO blood type develops spontaneously, and persists years after organ transplant.  

 

In developing a tolerogen, a device that results in tolerance in patients, ABO 

incompatible organ transplants could be performed even after maturation of the 

immune system. This could result in increasing the donor pool for patients, 

increasing the efficiency in the use of available organs, reducing the waitlist 

times, and decreasing the mortality rate of patients. The development of an ABO 

blood type tolerogen is the ultimate goal of this project.(18) 

 

A porcine model has been used for primary testing, since they express both A and 

O blood types. Piglets, similar to infants, do not produce antibodies immediately 

after birth. Although this antibody production may begin at about 12 months in 

infants, ABO antibody production in piglets begins after about 5 weeks. If 

implantation of the devices was performed when piglets were 2 or 3 weeks old, 

the absence of anti-A and anti-B antibodies in piglets beyond 5 weeks old could 

indicate success of the fabricated tolerogens.  

 

Natural ABO blood type saccharides each exist in 6 different subtypes, which are 

expressed on different tissues.(19-21) These different subtypes and the different 

concentration of presented antigens could result in mistyping, and lead to 

incompatible transfusions and transplants.(22) In the traditional method for 

determining ABO compatibility, the ABO subtype is not determined, even though 

serious complications can arise from transfusions and transplants between 

different subtypes of the same blood type.(23,24) Particularly in emergencies, 

additional steps to determine blood type may not be performed, resulting in 

subtype mismatch.(25) This method also gives no indication of the immune 
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response to individual incompatible subtypes. The incompatibilities toward 

specific ABO subtypes could be evaluated through assessment of the presence of 

ABO subtype antibodies.(26)  

 

A more extensive and quantitative evaluation of ABO subtype incompatibility 

could lead to more informed clinical decisions and additional successful ABO 

incompatible transplants. Although other ABO antigen subtyping assessments 

have been developed, no quantitative means to evaluate all ABO antigen subtypes 

simultaneously have ever previously been available.(27-29) Additionally, since 

the development of immunologic tolerance is still not well understood, it would 

be beneficial to develop a method to isolate and study ABO antigen-specific B 

cells. All of these applications can be addressed by the fabrication of devices 

presenting synthetic ABO antigens. 

 

The preparation of tolerogens requires the exposure of antigens in the blood 

stream long term, for which nanoparticles and stents could provide ideal 

candidates. Nanoparticles could be injected, and stents could be inserted through 

outpatient surgery into patients with an immature immune system in order to 

fabricate both circulating and stationary implants. Both of these possibilities must 

be optimized for ideal performance. 

 

Silica nanoparticles were chosen for tolerogen synthesis for their 

biocompatibility, resistance to degradation in biological environments and ease of 

functionalization.(30-38) Silica nanoparticles also offer simple synthetic strategies 

to incorporate magnetic or fluorescent properties, for efficient capture or detection 

respectively.(39-43) Additionally, variation in size and functionalization of silica 

nanoparticles are easily controlled synthetically, both of which can effect 

performance in biological systems.(32,33,35,36,43-47) 

 

The covalent attachment of antigen is critical for biomolecule stability and 

sustained presentation while in circulation.(32,36,37,39,48,49) However, protein 
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adsorption would likely inhibit the intended applications of the nanoparticles and 

lead to removal from the blood stream.(35,50) Increasing the half-life in blood 

circulation offers prolonged presentation of antigen, and decreases in the need for 

additional injections, for which poly(ethylene glycol) (PEG) functionalization has 

shown promise.(36,45,51-55) PEG can also act to dilute the expensive antigens 

and to act as a spacer molecule for a biomimetic concentration of antigen to be 

achieved. Silane functionalization of silica nanoparticles has proven successful for 

both antigens and PEG, both by direct attachment of silane derivatives of these 

molecules or by functionalizing first with a linker molecule for further 

functionalization.(32,36,38,43,46,48,49,56,57) 

 

For the stationary implant, stents constructed from stainless steel were selected for 

their corrosion resistance, biocompatibility, strength and low cost.(58-61) 

However, coating of these stents is necessary to prevent the release of harmful 

ions in vivo and to prevent one-electron reduction of proteins onto the surface 

(which would cause failure of the tolerogen).(62-67) Thin coatings of silica, 

alumina and titania provide biocompatible, electrically insulating, and flexible 

platforms for functionalization with silanes, just as silica nanoparticles may be 

functionalized.(67-75)  

 

With access to the 18 ABO blood antigen subtypes, a superior method for ABO 

blood type matching can be developed for more effective and accurate 

determination of compatible and incompatible ABO subtypes.(26) Additionally, a 

glycan microarray device with the antigen subtypes immobilized in an ordered 

arrangement could provide a simple test for the attachment of all subtype 

antibodies simultaneously to assess for rejection in organ transplant patients and 

to determine if intervention is necessary. Fluorescent antibody detection could 

then allow for quantitative analysis of ABO antibodies. As an extension of the 

other aspects of this work, the functionalization of glass slides was performed to 

create such microarrays. Arrays can be created using a commercial microarray 

printer and blood serum then assessed for ABO incompatibilities. 
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Antigen-specific B cells could also be detected using antigen-functionalized 

microparticles. Fluorescent microparticles designed with PEG to reduce non-

specific protein binding were developed for effective identification of the rare cell 

populations. This identification could allow for the isolation of antigen specific B 

cells as a means to study the mechanism for the development of tolerance, and its 

role in ABO incompatible organ transplants. 

 

The objectives of this work involved a collaborative project for the fabrication 

and application of ABO antigen functionalized stents, nanoparticles and 

microarray slides. The synthesis of ABO blood type antigens and their 

functionalization, in cooperation with the Buriak group, was the work of the 

Lowary group. The Lowary group also characterized the functionalized surfaces 

using enzyme-linked lectin assays (ELLAs) for monosaccharide model 

compounds and Fmoc detection to assess amine functionalization of nanoparticles 

and microparticles. The surface coatings of stents, the preparation of nanoparticles 

and microparticles and their functionalization is the work described herein, as the 

work of the Buriak group. The animal implantation and testing, and the isolation 

of B cells, was the work of the West group. Specifically, the West group 

performed the porcine model testing, antibody and cell detection, and device 

incubation allowing for device refinement. The Cramb group performed the 

imaging, tracking, and toxicological assessment of nanoparticles in an animal 

model. The characterizing of nanoparticle circulation in chicken embryos was the 

work of the Cramb group. The interaction of nanoparticles with cell receptors and 

the fluorescence imaging of an ELLA of functionalized nanoparticles was 

performed by the Cairo group. 

 

COATING OF STAINLESS STEEL 

Solgel dip-coating, electrodeposition, and atomic layer deposition (ALD) were 

each used in an attempt to coat stainless steel with effective electrically insulating 

layers of silica. The different coatings were evaluated for the portion that is 
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ineffectively electrically insulated, or the electroactive area by cyclic voltammetry 

(CV) and by electrochemical impedance spectroscopy (EIS). The silica films 

deposited by ALD outperformed those deposited by dip coating or 

electrodeposition of solgel in CV and EIS evaluation. The film quality was 

evaluated by scanning electron microscopy (SEM) and atomic force microscopy 

(AFM) and their thicknesses were evaluated by variable angle spectroscopy 

ellipsometry. From these measurements, again, the silica ALD films outperformed 

other films, giving rise to thinner, more conformal coatings. The coatings were 

also evaluated by FTIR, x-ray photoelectron spectroscopy (XPS), and Auger 

electron spectroscopy (AES). These results corroborated the utility of the silica 

ALD film. 

 

Subsequently, additional films of silica and titania deposited by ALD were 

stressed by three-point bending. The stressing of these films served to evaluate the 

film performance upon stressing because these films will be used to coat stents 

that will be expanded in arteries. These films deposited by ALD were reevaluated 

by CV in order to assess changes in electroactive area as a probe to indicate 

changes in film quality. Silica ALD thin films also moderately outperformed the 

titania ALD thin films on stainless steel under the stress conditions used. 

Additionally, different surface pretreatments prior to depositing ALD metal oxide 

coatings were performed, and under these same testing conditions of three-point 

bending and CV evaluation, none appeared to greatly affect the quality of the 

films. ALD silica coated stainless steel was thus used for subsequent 

functionalization. 

 

FUNCTIONALIZATION OF SILICA-COATED STAINLESS STEEL 

Silica ALD thin films were initially functionalized using monosaccharides (MS) 

as model compounds prior to evaluation of the expensive trisaccharide and 

tetrasaccharide (TS) antigens. In addition, the samples were functionalized with 

poly(ethylene glycol) to prevent nonspecific protein binding. To evaluate 

mixtures of monosaccharide and PEG silanes, oxidized porous silicon substrates 
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were used for evaluation by transmission FTIR. The MSs selected were N-acetyl 

glucosamine (GlcNAc) and galactose (Gal) because they can be effectively 

detected by commercially available lectins. Successful functionalization of porous 

silicon was demonstrated by the increase in characteristic peak intensity with 

corresponding changes in PEG to MS ratios. Subsequently, MS and PEG silane 

functionalized silica-coated stainless steel were analyzed by XPS and UV-Vis 

following enzyme-linked lectin assays (ELLAs). By XPS, changes to elemental 

concentrations of nitrogen, sulfur and oxygen corresponded to changes in solution 

mixtures of MS and PEG silanes used to functionalize stainless steel samples both 

uncoated and coated with silica deposited by ALD. Effective biological 

availability of the MSs and the success of silica coatings in preventing nonspecific 

protein binding were determined by their successful detection using ELLAs. 

 

Following the results of MS functionalization, TS and PEG silane 

functionalization of silica-coated stainless steel were analyzed by XPS and UV-

Vis following enzyme-linked immunosorbent assays (ELISAs). Similar to the 

results found for mixtures of MS and PEG silanes, changes to elemental 

concentrations of nitrogen, sulfur and oxygen as found by XPS corresponded to 

changes in solution mixtures of TS and PEG silanes. A blood type antigens were 

determined successfully functionalized by the increase in signal in the UV-Vis 

spectra compared to the silica-coated stainless steel samples functionalized solely 

with PEG silane. To evaluate the functionalization under biological conditions, 

silica-coated stainless steel samples functionalized with TS and PEG silanes were 

evaluated by ELISA as detected by UV-Vis before and after incubation in blood 

plasma. The results indicate the biological availability of A blood type antigens 

both before and after incubation in blood plasma. These blood plasma results also 

indicate that the synthetic A antigens are recognized by human anti-A antibody 

from the samples incubated in O blood plasma. 

 

Additionally, silanes were used to functionalize spots on microscope slides in 

order to develop microarrays. These microscope slides were characterized by 
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ToF-SIMS and ELISA. ToF-SIMS mapping detected antigen-specific fragments 

in spots functionalized with antigen and consistently across functionalized films. 

They were also used to detect antibodies in human blood plasma in order to 

identify incompatible blood types based on ABO antibodies present in blood-

typed donor blood samples.  

 

SYNTHESIS OF SILICA NANOPARTICLES AND MICROPARTICLES 

Silica nanoparticles (NPs) and microparticles (MPs)  ranging in size from 10-100 

nm were successfully prepared by the sol-gel or Stöber synthesis. Particle size 

was evaluated by SEM and dynamic light scattering (DLS). Unfortunately, the 

sizing of MPs was ineffective by DLS because of their tendency to fall out of 

solution. Additionally, the laser wavelength interfered with the characterization of 

nanoparticles with incorporated fluorophores that fluoresce in the same region. 

The DLS data was useful, however, in indicating an increase in size, or the 

aggregation of NPs less than 100 nm in diameter upon centrifugation. This 

aggregation was confirmed by SEM imaging, although the increase in size 

determined by the two methods does not match. The surface charge of particles, 

both unfunctionalized and functionalized with small silane molecules was 

determined by zeta potential measurements. The zeta potential measurements 

gave rise to an explanation for the aggregation of unfunctionalized NPs less than 

100 nm in diameter. The NPs less than 100 nm are insufficiently charged to repel 

each other and prevent binding reactions between NPs. Functionalization of these 

small NPs proved effective in increasing the magnitude of charge on them 

through zeta potential measurements, which could reduce NP aggregation. 

 

A variety of architectures were developed for nanoparticles depending on their 

intended purpose. Examples of such architectures include core-shell NPs 

incorporating fluorophores, exhibiting effective detection, and the incorporation 

of magnetic NPs, exhibiting effective NP capture. The fluorescence of fabricated 

particles was evaluated by fluorescence imaging, flow cytometry and two-photon 

excitation fluorescence correlation spectroscopy (TPE-FCS). Fluorescence 
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imaging and flow cytometry allowed effective detection of architectures with 

covalently attached dye. Covalent attachment of dye incorporated into a NP shell 

was found to demonstrate stronger fluorescence than if the dye was incorporated 

throughout the core NP. This architecture was used in MPs and the optimal dye 

concentration was determined by flow cytometry for in vivo and in vitro 

applications. Effective detection of small NPs with random dye incorporation was 

performed by TPE-FCS. Silica sells surrounding dyes incorporated all of the afore 

mentioned silica particle architectures have proven effective in reducing 

photobleaching and leaching of dye. Magnetic iron oxide nanoparticles were 

characterized by transmission electron microscopy and through magnetic testing. 

 

FUNCTIONALIZATION OF SILICA NANOPARTICLES AND 

MICROPARTICLES 

Different functionalization methods for NPs and MPs were assessed. Again, MSs 

were used for initial studies rather than the more expensive TSs. Three different 

functionalization methods were developed. First, silane functionalization was 

developed, in which mixtures of MS and PEG silanes were used to functionalize 

silica particles and were detected successfully using fluorescent lectins specific 

for the MSs. In the second method, mercaptopropyltrimethoxysilane was used to 

synthesize thiol-terminated nanoparticles. Mixtures of simple PEG and thiol 

silanes were used to functionalize NPs and oxygen and sulfur content determined 

by XPS corresponded to the silane ratios used. The thiol-terminated nanoparticles 

were subsequently functionalized using photoinitiation of an alkene derivative of 

MS. The third functionalization method involved amine termination of the silica 

surfaces using aminopropyltrimethoxysilane (APTMS). Using a semi-quantitative 

fluorenylmethyloxycarbonyl assay and UV-Vis for detection, the amine 

functionalization using APTMS was optimized and a PEG linker molecule was 

used to covalently bind to the amine-terminated MPs for subsequent 

functionalization of MS using a PnP derivative.  
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All three methods were each successful, as determined by ELLA and flow 

cytometry. However, the amine-PnP functionalization resulted in more efficient 

use and minimal loss of saccharides, an important result for functionalization of 

expensive TSs. Functionalization of the amine-terminated microparticles with PnP 

derivatives of TS was effectively characterized using flow cytometry for dual 

detection. This dual detection involved detection of both incorporated fluorophore 

and fluorophores for ELISA at different wavelengths of ABO antigen-

functionalized fluorescent microparticles. These TS-functionalized MPs were also 

found useful in detecting human blood-type antibodies. PEG functionalization of 

microparticles was also successfully detected using PEG antibodies with flow 

cytometry. 

 

FUTURE WORK 

The results obtained from the silica ALD coated stainless steel indicate their use 

in preventing nonspecific protein binding. The testing of the silica ALD coated 

stainless steel stents for their ability to prevent nonspecific protein binding in vivo 

upon expansion has not yet been completed. Additionally, the testing of PEG-

functionalized silica ALD coated stainless steel stents could prove useful in vivo. 

Both of these studies could provide results for useful stents for clinical use. The 

testing of the A blood type antigen and PEG functionalized silica ALD coated 

stainless steel stents in porcine model for tolerance induction must also still be 

completed. This testing must also include the optimization of the A antigen to 

PEG ratio to reduce nonspecific protein binding for prolonged lifetime of the 

tolerogen. Subsequent tolerogen testing could then be expanded to include stents 

functionalized with any variety of ABO blood type antigens. 

 

Further in ovo and toxicity testing of functionalized NPs must still be completed 

to further optimize architecture and functionalization. More information about the 

toxicity of these particles must also be obtained before their use in vivo. The use 

of an animal model to characterize the circulation time, dosing parameters, and 

determine the injection schedule could provide useful data for in vivo applications 
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of the tolerogens. The use of NPs as tolerogens must also be determined, for 

which a porcine model could be used. The utility of the ABO blood type antigen-

functionalized MPs for identification and isolation of antigen-specific B cells 

must be tested as well. By using two different sets of MPs, with a different 

incorporated dye in each, functionalized with the same antigen, dual staining of 

the antigen specific B cells may be possible and increase the recognition 

sensitivity. The use of these MPs to test for ABO blood type antibodies may also 

be tested. As well, the use of ABO-subtype functionalized microarray slides could 

be used to identify all ABO subtype antibody, and the clinical use of the 

microarray must be studied. 

 

In the future, the tolerogens developed through this project could allow for a 

standard protocol to be established for infant tolerance induction. The tolerogen 

can be inserted through minimally invasive procedures, and need only be present 

in the infant’s immune system for two years. Self-tolerance develops by this age 

in humans, and thus it would mean that the tolerogen presence would be 

unnecessary beyond this age. This tolerance induction protocol could be applied 

primarily for patients with identified ailments that would require organ transplant 

in the future. This could also be applied as a regularly scheduled protocol, similar 

to the immunization schedule for infants, to open the opportunity for ABO 

incompatible transplants if ever the need arose. This would make the transfer of 

tissues, such as blood transfusions, much simpler in the event of an emergency 

situation. 
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