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Novel, nanostructured porous nanocomposites and bioapplicable materials have 

been successfully developed for catalytic, sensor and reinforcement applications. 

Nonsurfactant templated method of pore formation and electrospinning of nanofibers are 

the two main technologies that have been employed separately and together, to develop 

novel and potentially commercialize-able products. The porous composite products thus 

developed take the form of fine particles and nanofiber mats.  

For the first time, porous silver nanoparticle/silica composites were synthesized 

using a simple method of silver nitrate reduction. The glucose template present inside the 

mesoporous silica material reduces silver nitrate to silver nanoparticles. The particles thus 

formed are lodged inside the porous silica matrix. The synthesis procedure is very simple, 

economical, and the samples produced have good catalytic properties.  

Organic/inorganic hybrid nanofiber mats were fabricated for the first time using 

the electrospinning technology. The fiber mats have high surface area and good 

mechanical properties. These fibers mats are then used in reinforcement applications, by 

utilizing them as fillers in dental materials. The mechanical properties of dental materials 

thus produced is seen to improve dramatically with the addition of just a small amount of 

fiber sample.  

An in-situ method was used to produce silver and gold nanoparticles inside 

porous silica nanofibers via electrospinning. Metal salts used to produce the nanoparticles 

are mixed with silica and polymer precursors and spun into fibers. The fibers are then 
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heat-treated to reduce the metal salt into metal nanoparticles. The factors affecting the 

size and distribution of the nanoparticles inside the porous fibers were studied. The fibers 

thus produced were then tested for catalytic activity.  

Horseradish peroxidase (HRP) enzyme was also encapsulated in porous silica 

nanofibers via electrospinning. The fibers showed significant enhancement in enzyme 

activity, which was three orders of magnitude greater than that of the non-templated, 

conventional microporous silica materials. The factors affecting the enzyme activity, like 

pH, temperature, etc., was also studied. The response time of the encapsulated enzymes 

to the external reagents was ~ 2 to 3 seconds, showing high efficiency of the fibers to 

sensor applications. 

Finally, the encapsulation and alignment of quantum dots in silica nanofibers for 

sensor and telecommunication applications was attempted. MnO2 and several enzymes 

encapsulated porous silica samples were also synthesized for universities and companies 

as part of the ongoing collaborative research work for various catalytic applications.  

All the above-mentioned products have high surface area, maintain high enzyme 

activity, and protect the enzymes and nanoparticles from high temperatures, pH 

fluctuations and strong chemicals. The morphology, size, porosity, composition of the 

developed products were studied in detail, via infrared spectroscopy, thermal gravimetric 

analysis, differential scanning calorimetry, scanning electron microscopy, transmission 

electron microscopy, X-ray diffraction spectroscopy, etc. Inexpensive raw materials, 

convenient synthesis method, distinctive structure and physical-chemical properties make 

the developed products greatly suitable for a wide range of potential applications. 
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Chapter 1: Introduction to Nanostructured Mesoporous Sol-Gel Silica Materials 
 

1.1 History and Motivation 

Nanotechnology and sol-gel process are the two important aspects that form the 

foundation of this research, which includes the synthesis of mesoporous silica catalyst 

and biosensors in the form of particles and nanofibers.  

According to United States National Nanotechnology Initiative website,1 

“Nanotechnology is defined as the understanding and control of matter at dimensions of 

roughly 1 to 100 nanometers, where unique phenomena enable novel applications." The 

first mention of some of the distinguishing concepts in nanotechnology (but predating use 

of that name) is often credited to a talk called "There's Plenty of Room at the Bottom", 

given by physicist Richard Feynman at an American Physical Society meeting at Caltech 

on December 29, 1959. Feynman described a process by which the ability to manipulate 

individual atoms and molecules might be developed, using one set of precise tools to 

build and operate another proportionally smaller set, so on down to the needed scale. The 

term "nanotechnology" was actually coined by Professor Norio Taniguchi in 1974.2 In 

1980s the basic idea of this definition was promoted by Dr. Eric Drexler, through 

speeches and various nanotechnology books written by him.3,4 The actual importance of 

this technology was realized through the years, due to the tremendous enhancement of 

applications in all the branches of science, from: 

• Nanodrug capsules5 and nanomanipulators6,7 in the field of medicine;8 

•  Quantum dots9 and metal nanoparticles10 as catalyst11 in the field of chemistry; 
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• Nanocircuits11 and nanofabrication of electronic devices,12,13 in the field of 

electronics, to biosensors14 and decontaminating agents in homeland security 

division.15   

The sol-gel process is another aspect that forms the foundation of this thesis work. 

Sol-gel chemistry is used for making porous glass/ceramic materials. It involves the 

transition of a system from a liquid (the colloidal “sol") into a solid (the "gel") phase.16 

Sol-gel chemistry is a remarkably versatile approach for fabricating various 

nanostructured porous materials. It allows the fabrication of materials with a large variety 

of properties, e.g., ultra-fine porous powders,17 monolithic ceramics, inorganic 

membranes, thin film coatings and aerogels. Scientists have used it to produce the 

world’s lightest materials and some of its toughest ceramics. The well documented 

beginning of sol-gel chemistry can be tracked back to 1956 when Rustom Roy, a 

graduate student working under Elburt F. Osborn, used sol-gel chemistry to synthesize 

composites made of tetraethoxide and metal nitrate salts for phase equilibrium studies.18 

He wrote a review that became a classic paper in the field of sol-gel chemistry. 18 

Hamilton and Mackenzie in 196019 to Biggar and O’Hara in 196920 all described 

variations of the similar process primarily directed towards the preparation of silicate 

mixtures for phase equilibrium studies. Schott Glass was the first company (in 1959) to 

have commercialized a sol-gel coating system made mainly from titanium dioxide (TiO2) 

and silica (SiO2). An investigation of bulk glass systems by the sol-gel process was also 

started at Owens-Illinois, Inc. in 1967 by Levene and Thomas.21 Up to the early 1990s, 

only microporous sol-gel materials were being synthesized without any conscious efforts 

to fine-tune the porosity of the sol-gel materials. After which (around 1992), researchers 
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at Mobil Corporations, produced silica and other metal oxide materials, containing 

periodic tunable nanoporous structures using a surfactant-templated process, which often 

required high temperatures and/or high pressures in the synthesis process.22 This was the 

first time that the pore size of synthetic porous materials was expanded from micro (< 1.5 

nm) to the mesoporous or more generally speaking nanoporous (1.5 to 10 nm) range.  

Thus combining nanotechnology and sol-gel chemistry, an innovative strategy for 

the synthesis of nanostructured sol-gel porous materials, was discovered. From then on, 

considerable effort has been devoted to developing nanostructured (i.e., structures 

roughly in the 2-100 nm size range), porous sol-gel materials with a wide range of 

porosity, morphology and composition.23-25 The chemical and mechanical properties that 

influence porosity during and after the synthesis process have also been extensively 

studied.26-28 Advanced characterization methods and instruments have been developed, 

which further supports and drives the research in developing nanostructured, porous sol-

gel materials. Sol-gel chemistry has been easily modified to the changing needs of society 

to produce fine-tuned sol-gel nanostructured porous materials for relevant applications. 

Some of the important applications range from, 1) thin films for optical coatings, 

protective and decorative coatings, and electro-optic components;26 2) molded 

macrostructured bulk materials for use as economical lenses and beam splitters,29,30 3) 

ultra fine ceramic powders as abrasives and multicomponent composites for dental and 

catalytic applications31 to 4) microfibers for fiber optic sensors and filters.32-34   

The optical characteristics, large surface area and easy synthesis of the sol-gel 

materials in various shapes and sizes are some of the properties that attracted a keen 

interest in studying sol-gel materials for biosensor and catalytic applications.35,36 
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Contributing to this was the need for a reusable and versatile catalyst, as well as a 

biocompatible device that could be used extensively in health care applications and as 

biosensors for detecting harmful agents. In the past ten years this study has developed 

some very interesting materials, which have been coined as “living ceramics” due to the 

immobilization of active enzymes, cells and proteins in sol-gel materials.37,38 Even with 

the above stated advantages, a lot of work has to be done to stabilize the biomolecules 

and nanoparticles inside these sol-gel materials for them to be reliable and maintain 

stability for long periods of time, so that these materials could then be produced 

economically in large scale, for desired applications. Most of the work done on the 

synthesis of porous sol-gel materials was done using the surfactant technique that 

required high temperatures and other harsh conditions, which would cause deactivation 

and decrease in efficiency of the encapsulated biomolecules. In 1998, our group reported 

a general nonsurfactant templated sol-gel pathway for the formation of porous metal 

oxide materials, which not only greatly expanded the categories of the template 

compounds available for the sol-gel synthesis of porous materials but also was 

biofriendly and mild enough to be used for biomolecular immobilization.39-42 This 

invention thus opened a broad spectrum of opportunities for research in exploring and 

developing state of the art catalysts and biosensors. Further, the federal funding for 

nanotechnology research and development in the United States, with major focuses on 

nanocatalyst, and biosensors, has increased from $116 million in 1997 to an estimated $ 

1.5 billion in 2005 and is expected to increase to $4 billion in 2007. This amount does not 

include the private funding from various companies that approximately increases the 

funding to 2 times the amount.43 Also at present the actual worldwide business market for 
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nanotechnology in which nanocatalyst and biosensors holds more than half the share, is at 

$30 billion and is projected to increase to $2.6 trillion  in 2014.44 These data clearly show 

an urgent need for efficient, economical and environmentally friendly biosensors and 

catalysts, which would contribute immensely to the further development of humanity. 

For the better understanding of the topics discussed in the coming chapters, the 

sections from here on in this chapter will deal with the brief review of the sol-gel process, 

templated sol-gel methods, sizes and shapes of sol-gel materials studied till date and 

finally the electrospinning technique that was used for the synthesis of sol-gel nanofibers 

in this dissertation. Finally, due to the importance of revealing and verifying the 

structural properties of synthesized nano-structured porous products, the major 

characterization techniques used in this research will be briefly discussed.  

1.2 Fundamentals of Sol-Gel Process 

The overall sol-gel process, as the name implies, usually involves two stages as 

illustrated in Figure 1-1. First, the precursors (usually inorganic salts or organic metal 

alkoxides) initially undergo hydrolysis and polycondensation to form high molecular 

weight, yet soluble poly-intermediates called the sol. These intermediates then link 

together to form a three-dimensional network called a gel. The formation of a gel from 

both inorganic and organic metal alkoxide precursors will be illustrated in the following 

section using silica as the primary example. 

1.2.1 Inorganic Salt Precursors 

Metal salts that are readily converted to the oxide form by thermal or oxidative 

decomposition are good candidates for gel formation. Sodium silicates and potassium 

silicates are two important precursors, which are used for the preparation of porous silica 
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gels.45,46 The two steps involved in the chemical reactions are: 1) Hydrolysis of silicates 

(e.g., Na2SiO3) to Si(OH)4 under acidic conditions, as depicted in a schematic 

representation (Scheme 1-1), followed by the condensation of the hydrolyzed silicates 

(Scheme 1-2).47 

Na2SiO3 + H2O + 2HCl Si(OH)4 + 2NaCl
                                  

Scheme 1-1. Hydrolysis of silicates (e.g., Na2SiO3) to Si(OH)4 under acidic conditions. 

Si O SiSi OH + HO Si + H2O

                              

Scheme 1-2. Condensation of the hydrolyzed silicates. 

The porosity of the silica gels prepared in this method is affected by the 

composition of the silicate precursor, temperature, pH, aging and drying conditions, 

among which pH and the drying condition are the most important ones.47 

1.2.2 Alkoxide Precursors 

Tetraethylorthosilicate (TEOS), tetramethylorthoxysilicate (TMOS), 

tetraisopropoxytitanium(IV), tetrapropoxyzirconium(IV) and tributoxyaluminum are 

some of the alkoxide precursors used in the formation of metal oxides via the sol-gel 

reactions. TEOS and TMOS are the two main precursors used to synthesize silica due to 

the controllability of the reaction kinetics. Scheme 1-3 represents the hydrolysis reaction 

of TEOS in the presence of water and hydrochloric acid. In the next step, Si(OH)4 

(hydrolyzed form of TEOS) undergoes condensation reaction with the unhydrolyzed 

TEOS (scheme 1-4) or a self condensation reaction among each other (Scheme 1-5) to 

finally give rise to silica gel. 
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Scheme 1-3. Hydrolysis reaction of TEOS in the presence of water and hydrochloric acid. 
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Scheme 1-4. Condensation reaction of TEOS with hydrolyzed TEOS.                                                               
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Scheme 1-5. Self-condensation reaction of hydrolyzed TEOS.                                                                           

The sol-gel materials synthesized using inorganic silicate precursors, as 

mentioned previously, produce salts, such as NaCl or KCl, as byproducts. These salts are 

difficult to remove from the silica materials and hence, cause the synthesized silica 

samples to be impure. In contrast, the gelation reaction of metal alkoxides produces 

alcohol and water molecules as byproducts that can be readily removed by a simple 

drying process. Therefore, metal alkoxides are the preferred precursors for the production 

of porous sol-gel materials with high purity. 
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1.3 Methods of Pore Formation in Nanostructured Sol-Gel Materials 

The International Union of Pure and Applied Chemistry (IUPAC) classify porous 

materials into three main categories,48 depending on the size of the pores produced:  

 

All the synthesized zeolites and the sol-gel materials produced up to year 1990 were 

microporous (0.7-1.2 nm) in nature.45,49 No conscious efforts were being made to fine 

tune the size of pores in the samples. Kresge et al., researchers at Mobil Corporation (in 

1992), produced silica and other metal oxide materials containing periodic tunable 

hexagonal mesoporous structures (1.5 to 10 nm) using a surfactant templating 

technique.22,50 From then on, a broad range of pore-forming agents, including various 

different surfactants and nonsurfactants, as will be mentioned in the coming sections, 

were tested for formation of different kinds and sizes of pores in sol-gel materials. 

1.3.1 Surfactant Templated Method 

Alkyltrimethylammonium was the first surfactant to direct the formation of 

uniform arrangements of hexagonal pores with diameter between 1.5 to 10 nm. The pore 

size in the samples was controlled by varying the length of the alkyl chains of the 

template molecules or with the aid of auxiliary organic compounds as additives, spacers 

and pore fillers. 

Figure 1-2 gives the schematic representation of various shapes of pores from 

hexagonal phase (one-dimensional system of hexagonally arranged cylindrical channels), 

cubic phase (three-dimensional bicontinuous porous frame structure) to lamellar phase (a 

Microporous Mesoporous Macroporous 

< 2 nm 2 to 50 nm > 50 nm 
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two-dimensional system of layered sheet structure). Other structures with random arrays 

of pores were also observed.50,51 The proposed mechanism for the formation of pores 

using surfactant templating method is called the liquid-crystal templating (LCT) method. 

“Templating” is a process during which an organic species functions as a central 

structure, surrounded by inorganic oxide (e.g., silica) framework, as illustrated in Figure 

1-3. Here long chain surfactant molecules self-assemble to form various repetitive shapes 

called micelles that stack up together to finally form liquid crystalline phase. The silicate 

species or other inorganic species is then deposited between the stacked-up surfactants as 

seen in Figure 1-3, which then condense to form the inorganic networks. Thus the 

interaction of the surfactant and silicate species mediates the hexagonal ordering, after 

which the surfactants are removed by either heating the samples to high temperatures or 

by solvent extraction to produce porous sol-gel materials. In general, the overall LCT 

mechanism is directed by two features. One is the dynamics of surfactant molecules to 

form assemblies, micelle, and ultimately crystalline structure, which functions as 

template, and the other is the ability of the inorganic oxide to undergo hydrolysis and 

polycondensation around these crystalline structures to form solid network.52,53 A wide 

variety of surfactant molecules with different sizes, shapes, functionalities and charges 

have been subsequently demonstrated to be able to effectively function as pore structure 

directing agents. These surfactant molecules are classified into three main groups, 

depending on their head group chemistry and charges.  

1) Cationic surfactants: Here the hydrophilic group carries a positive charge, e.g., 

tetraalkylammonium salts (CnH2n+1)(CH3)3NX, n = 6, 8, 9, 10, 12, 14, 16,18, 

20, 22; X= H, Cl, Br, HSO4; and (CnH2n+1)(C2H5)3N, n = 12, 14, 16, 18.54  
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2) Anionic surfactants: The hydrophilic group carries a negative charge, e.g., 

sulfates55 (CnH2n+1OSO3) (n =12, 14, 16, 18), sulfonates56 (C16H33SO3H and 

C12H25C6H4SO3Na), and phosphates57 (C12H25OPO3H2, C14H29OPO3K). 

3) Neutral surfactants: The hydrophilic group is not charged, e.g., primary 

amines (CnH2n+1NH2) and poly(ethylene oxides) (PEO).58 Neutral surfactants do 

not follow the LCT method for pore formation due to the absence of strong 

electrostatic interactions. Instead they form aggregates due to physical 

entanglement or hydrogen bonding.59  

Aluminosilicates and various metal oxides such as titanium oxide, zirconium 

oxide, vanadium oxide, tungsten oxide, have been used as framework for the formation of 

pores using the surfactant templated technique. Charged surfactants usually exhibit 

ordered hexagonal porous structure, while the materials obtained with neutral surfactants 

sometimes lack long range ordered channel arrangement. The wall thickness, which 

greatly affects the thermal stability of the material, is controlled by the charge of the 

surfactant and the formation mechanism. Materials prepared with neutral surfactants 

usually exhibit a greater wall thickness and furthermore a higher thermal stability than 

that obtained with ionic surfactants, due to the absence of electrostatic or charge-

matching effects.52,57 

1.3.2 Nonsurfactant Templated Method 

In the mid 1990s, a novel nonsurfactant templated sol-gel route was invented in 

our group for the formation of mesoporous silica materials. The templates employed in 

this method were simple organic compounds, such as glucose, maltose, urea, 

dibenzoyltartaric acid, and different kinds of readily available artificial sugars.17,60,61 
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Since then, numerous different organic molecules have been studied for use as templates. 

Unlike the surfactant template method, the nonsurfactant method of pore formation is 

carried out at room temperature, and the templates are extracted out by simple water 

extraction.  The materials thus produced are mesoporous in nature and have a diameter 

between 2 to 15 nm. The pore size is controlled by varying the concentration of the 

templates added into the solution rather than the size of individual template molecules, as 

is the case in surfactant templates. The materials show high surface area of up to ~1000 

m2g-1 and large pore volume of up to ~1.0 cm3g-1. The pore structures formed here are not 

highly ordered and have an interconnected wormlike morphology, which is similar to that 

of some neutral surfactant templated materials. The actual mechanism of pore formation 

via nonsurfactant templating sol-gel process is not fully understood. It is proposed that 

the organic molecules form aggregates, which form interconnected chain assemblies that 

function as nonsurfactant templates. Several metal oxides, e.g., silica oxide, titanium 

oxide, zinc phosphate, have been successfully tested using the nonsurfactant templating 

pathway. 17 In comparison to the surfactant templating technique, the nonsurfactant 

templating pathway is mild, less expensive, environmentally friendly and biofriendly. 

The walls of the framework of the nonsurfactant templated samples are thicker (~ 4 nm) 

than the walls in the samples produced using surfactant templates (0.8- 1.5 nm).  

1.4 Immobilization of Nanomaterials in Sol-Gel Materials 

In the 1990’s, it was realized that nanomaterials (e.g., metal, metal alloys, 

inorganic nanoparticles, and biomolecules) showed significant advantages for various 

catalytic and sensor applications. Nanomaterials also showed unique optical, electrical, 

mechanical and chemical properties, which are quite different from their bulk 
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counterparts.62-66 Unfortunately, utilizing these nanomaterials, e.g.,  biomolecules 

(enzymes and proteins) and nanoparticles (metal nanoparticles and quantum dots), in 

their free state as catalysts, was very expensive and disadvantageous, because of their 

instability in organic chemicals, high temperature, pressure, and the time-consuming 

methods used to extract them out of the reaction mixtures after use.67,68 Thus, a broad 

variety of substrates, e.g., organic polymers and hydrogels, and various encapsulation 

techniques, like adsorption on solid supports, covalent attachment, and entrapment in 

polymers, were studied.69,70 These substrates and techniques showed limited success due 

to the deformation of the substrates in the reaction mixtures, aggregation of the 

nanomaterials inside the substrates, thermal instability, limited accessibility of the 

encapsulated nanomaterials due to the nonporous or microporous nature of the substrate, 

low surface area, etc. Around this same time, sol-gel materials were being mixed with 

metal salts and organic dyes at room temperature to obtain colored glass for decorative 

applications.71-73 Based on this, further research on using sol-gel materials as a matrix for 

encapsulating metal nanoparticles, small biomolecules and other nanomaterials was 

pursued.74,75 The aim of this study was to obtain uniform, stable distribution of 

biomolecules or other compounds inside nanoporous sol-gel matrix. This study proved to 

be successful due to the excellent properties of sol-gel materials including: 

• High stability towards chemicals and temperature, 

• No photodegradation and, hence, could be used in light induced reaction 

applications requiring inert substrates, 

• Transparent well into the UV range (~250 nm for SiO2), and highly suitable for 

optical applications, and 
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• Open to a wide variety of chemical modifications.  

Many different nanomaterials, such as metal nanoparticles, magnetic 

nanoparticles, enzymes, proteins, were encapsulated in various sol-gel substrates. The 

substrates used for these studies were mostly nonporous in nature, which limited the 

accessibility of the encapsulated nanomaterials to the external reagents.76,77 The 

degradation and deactivation rates of the nanomaterials during encapsulation were also 

very high. Ordered mesoporous molecular sieves synthesized using surfactants showed 

promise as ideal host matrices for immobilizing nanomaterials, due to its high porosity 

and surface area. Due to the harsh reaction conditions involved in the hydrothermal 

synthesis, however (~75 to ~180 °C for several hours to several days), this method was 

not practical, especially in case of biomolecules, which are extremely sensitive to high 

temperature. Some attempts made by various research groups to overcome the 

shortcomings of conventional sol-gel immobilization include substituting the commonly 

used metal alkoxides, e.g., tetramethylorthosilicate (TMOS) and tetraethylorthosilicate 

(TEOS), with other sol-gel precursors, using inorganic-organic hybrid host matrices,78 or 

stabilizing the nanomaterials before encapsulation by co-immobilizing ligands.  

Previous work in our laboratory shows that neutral nonsurfactant organic 

compounds, such as glucose, fructose, maltose, and glycerol, can be used as pore-forming 

agents or templates in the synthesis of mesoporous silica materials via the modified sol-

gel reactions.17 This novel synthesis route was further developed for direct 

immobilization of materials like gold nanoparticles, antibiotics (e.g., vancomycin) and 

various enzymes (e.g., alkaline phosphatase, acid phosphatase, cytochrome c, lipase, 

heme protein and amyloid β peptide).41,79,80 In this method the desired biomolecules, 
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nanoparticles, etc., were added to a mixture of hydrolyzed silica precursor (TMOS or 

TEOS) and non surfactant template (e.g., glucose) at room temperature. After gelation, 

the samples were aged, dried and the template was extracted, to finally obtain transparent 

porous sol-gel bulk samples or powders containing uniformly distributed nanoparticles or 

biomolecules.  

1.5 The Process of Electrospinning Nanofibers 

The sol- gel composites mentioned above were further evaluated for potential 

catalytic and biosensor applications. As the composites are produced in the form of fine 

powders or as microspheres, recycling or separating the sol-gel composites from reaction 

mixtures after use become time consuming and expensive. Thus, a method called 

electrospinning, which was initially used to fabricate polymer nanofibers, was applied for 

spinning porous sol-gel nanofiber composites. Utilizing this technology, easy extraction 

of composite fibers from the reaction mixture, as well as further utilization of the fiber 

composites for catalytic, biosensor, and reinforcement applications, was achieved.  

1.5.1 History of Electrospinning Nanofibers 

Electrostatic spinning or electrospinning is a process that creates nanofibers 

through an electrically charged jet of polymer solution or polymer melt. This technology 

was invented by Formhals in 1934,81 following which investigations of the process have 

been carried out by a number of researchers, including Baumgarten (1971),82 Larrondo 

and Manley (1981),83 Reneker, et al. (1996),84 Wei, et al. (2006)85. The electrospinning 

process, in its simple form, consists of a syringe, which is clamped to an electrically 

insulated stand, which acts as a support for a blunt capillary pipette. The pipette holds the 

desired polymer solution, which is to be spun into fibers. A grounded copper plate 
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covered with aluminum foil acts as a source for the deposition of fibers. A positive 

voltage is applied to the polymer solution by immersing a copper wire into it. Thus, an 

electric field is generated between the capillary tube tip containing the polymer solution 

and the grounded collecting copper plate. The electric field then induces a charge on the 

surface of the polymer solution, forming a deformed droplet (Taylor cone, Figure 1-6), 

through which, a charged jet of polymer solution ejects out and is deposited in the form 

of fibers, as seen in Figure 1-4. A photograph of the electrospinning set up in our 

laboratory is shown in Figure 1-5. Some of the key points that need to be kept in mind 

during electrospinning are:  

• The solvents present in the spinning solution should evaporate quickly enough for 

the fiber to retain its integrity when it reaches the colleting target, but not too 

quickly to allow the fiber to harden before it reaches nanometer range; 

• The viscosity and surface tension of the spinning solution must not be too large to 

prevent the jet from forming, nor be too small to allow the polymer solution to 

drip from the pipette; 

• The power supply should be adequate so as to overcome the viscosity and surface 

area tension of the polymer solution, to form and sustain the jet from the pipette;  

• The grounded plate used to collect fibers should be conductive in nature, and; 

• The gap between the tip of the pipette and the grounded plate should not be too 

close, as this will result in collection of wet fibers. 

1.5.2 Factors Affecting the Process of Electrospinning Nanofibers 

There are several parameters that influence the morphology of the electrospun 

fiber, as well as fiber mats. The parameters can be broadly classified into spinning 
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solution parameters (e.g., molecular weight, solution viscosity, solution conductivity and 

dielectric effect) and processing condition parameters (e.g., applied voltage, distance, 

type of collector and surrounding atmospheric conditions).  

1.5.2.1 Solution Parameters  

Viscosity is the measure of resistance to flow. The shear stress f is the force 

required to move the plane relative to another that is dependent on a proportionality 

factor called the coefficient of viscosity, 

                                                                   ⎟
⎠
⎞

⎜
⎝
⎛=

dt
dsf η  

Scheme 1-6. Viscosity in relation to rate of shear and shear stress. 

   Where η is viscosity and ds/dt is the rate of shear. 

Two of the important factors that affect the viscosity of the spinning solution are 

the molecular weight and the concentration of the organic or inorganic polymer solution 

used to spin fibers.86-88 Here the molecular weight reflects the length of individual 

molecular chains. As the molecular weight of the solution increases, the chain 

entanglement increases and hence, the viscosity increases.89,90 When the spinning 

solution leaves the pipette tip during electrospinning, the solution is stretched as it travels 

towards the grounded metal plate. During the stretching, the large molecular chains 

present inside the solution entangle among each other and, prevent the spinning solution 

from breaking up into droplets. The increase in the concentration of the molecules present 

in the spinning solution also causes greater extent of chain entanglement and, causes 

increase in viscosity of the solution. As a result, low viscosity or monomeric solutions do 

not form fibers during electrospinning.   



 

 

17

Surface tension (SF) is another property that affects the morphology of the 

electrospun fibers. SF has the effect of decreasing the surface area per unit mass of a 

fluid. Here during electrospinning, the solvent present in the spinning solution has a 

tendency to congregate together, and induce the formation of spherical beads in the 

fibers. As the viscosity of the solution is increased, the solvent molecules tend to interact 

with the polymer molecules rather than among each other, hence, reducing the tendency 

to form beads, thus producing more uniform and smooth fibers.91 

The conductivity of the spinning solution also plays a role in the morphology of 

the fibers. The conductivity is increased by addition of small amount of salts or 

polyelectrolytes into the spinning solution. As the charge of the spinning solution is 

increased, the repulsion of the charges on the surface of the fibers causes the fibers to 

extend and hence, causes a decrease in diameter of the collected fibers. The dielectric 

constant of the solvents used in the spinning solution also plays an important role in fiber 

diameter. As the dielectric constant of the solvent increases, the diameter of the fibers is 

found to decrease.92 

1.5.2.2 External Processing Parameters  

Other parameters that affect the electrospinning process and the morphology of 

the fibers are the external properties that include the applied voltage, the distance 

between the tip and collector, and feed rate. The applied voltage is one of the crucial 

properties that affect the size of the fibers. The high voltage induces the required charges 

in the spinning solution along with the external electric field, which causes an increase in 

the electrostatic force that overcomes the surface tension of the solution and forms fibers. 

Research has shown that an approximate voltage of 6 kV is enough to distort the drop of 
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the spinning solution at the tip of the pipette to form a Taylor Cone during jet initiation.93 

Further increase in voltage causes faster jet formation. If the voltage is increased to 30 

kV, the Taylor Cone at the tip of the syringe recedes, due to the increase in speed of fiber 

formations. The rate at which the solution reaches the tip of the syringe is termed the 

feed-rate. For a given voltage, there is a corresponding feed rate required for a steady 

Taylor Cone to be maintained.93 Thus if the feed rate is not matched to the speed of fiber 

formation, instability in the fiber formation is noticed, which further causes bead 

formation. An idle situation is such that the speed of jet formation matches the feed rate 

in such a way that the Taylor Cone at the tip of the pipette is not disturbed during the 

entire electrospinning process.94,95 Next, the distance between the tip of the pipette and 

the collecting metal plate needs to be considered. Thick and flat fibers are obtained when 

the distance of the tip of the pipette is too close to that of the collector. This is because 

the solvents present in the fiber jet do not have enough time to evaporate, and hence, the 

fibers are still wet when deposited on the collector, which causes the fibers to blend or 

stick together.96 As the spinning distance is increased, the flight time of the jet also 

increases and the fiber diameter decreases. The morphology of the electrospun fibers is 

also affected by the surrounding atmosphere, such as the percentage of humidity. The 

surface of the electrospun fibers tends to form pores if the humidity is above a certain 

percentage. This could be attributed to the water on top of the fiber surface. As the 

humidity increases, the pores on the surface of the fibers also increase due to the 

evaporation of water.97,98 The type and shape of the fiber collector plays an important role 

in obtaining fibers in the form of mats, three dimensional scaffolds, etc. The most 

common method used to collect nanofibers is a flat metal plate, through which films or 
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mats of nonwoven fibers are obtained. The fibers are also collected on high speed 

rotating cylindrical collectors, through which aligned and small diameter fibers are 

obtained. Knife edge disc, wire cage rotating drum, and patterned silicon wafer collector 

are some of the other examples of fiber collecting device.99-101  

1.5.3 Electrospinning of Sol-gel Composite Fibers  

Metal oxide fibers, e.g., silica and titanium dioxide fibers have been fabricated via 

a high temperature melt method. In this approach, silicates and metal oxides are heated to 

a molten state and extruded or drawn into fibers.102-104 Other techniques involve heating 

of hydrolyzed metal oxide precursor, such as tetraethylortho silicate (TEOS), to form a 

viscous solution, which is then drawn into fibers. Three of the main disadvantages of 

using the above mentioned methods are the application of high temperature, which is not 

compatible with the encapsulation of nanoparticles and biomaterials, production of large 

macro-fibers with low surface area, and undesirable mechanical properties.105,106 An ideal 

method of obtaining large amounts of sol-gel metal oxide nanofibers at room temperature 

with easy encapsulation of nanoparticles and biomolecules had to be developed and 

evaluated. Thus, electrospining, a method used to spin polymer nanofibers, was modified 

and used for spinning sol-gel nanofibers. One of the main differences in electrospinning 

polymer and sol-gel metal oxide fibers is the molecular weight of the spinning solution. 

As stated in section 1.5, critical values of molecular weight and viscosity are required to 

produce enough molecular entanglement during electrospinning to obtain polymer 

nanofibers.90 On the other hand, sol-gel solutions with limited hydrolysis and 

condensation are not viscous nor do they have high molecular weight. Thus to obtain sol-

gel metal oxide nanofibers, the hydrolyzed sol has to be vacuumed or heated to extract 
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out solvents and byproducts present in the solution, to increase the viscosity. The 

entanglement of the hydrolyzed sol-gel solution is induced via hydrogen bonding unlike 

the physical molecular entanglement produced in polymer solutions. Another important 

point to consider is that the viscous hydrolyzed sol has a very strong tendency to 

condense into a gel as seen in Scheme 1-2. This causes the viscous spinning sol to gel in 

the pipette before forming nanofibers. To counteract this problem, the viscous hydrolyzed 

sol is cooled to around 0 oC before electrospinning, this causes a decrease in 

condensation reaction rate and delays gelation. Other methods used to enhance viscosity 

and hydrogen bonding of the metal oxide spinning solution includes the addition of small 

amounts of polymer and sugar additives.  

The hydrolyzed spinning sol thus produced was further modified by addition of 

metal salts, nanoparticles and biomolecules and electrospun into composite fibers. 

Various internal and external electrospinning parameters as explained previously were 

evaluated to obtain uniform nanofibers. The nanofiber composite fibers were then fine-

tuned and evaluated for catalytic, biosensor and dental filler applications. 

1.6 Characterization Methods for Porous Materials 

Reliable characterization methods are critical in developing efficient porous silica 

nanoparticle and nanofiber composites. Various structural parameters, such as pore size, 

pore size distribution, specific surface area, nanofiber diameter, and encapsulated 

nanoparticles, are some of the important features that need to be evaluated. The 

techniques used to characterize the samples include gas sorption measurement, small and 

large angle X-ray diffraction, electron microscopy, infrared, UV-vis and fluorescence 

spectroscopy.  
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1.6.1 Gas Sorption Measurement  

Porous solids tend to adsorb relatively large volumes of condensable gas, due to 

the large surface area and porosity of the materials. Calculation of the method and 

amount of gas adsorbed by the material can lead to information on surface area and the 

pore structure of the sample.107  

The term “adsorption” was first introduced by Kayser in 1881 to connote the 

condensation of gases on free surfaces. When a highly dispersed solid is exposed to a gas 

or vapor of particular pressure in a closed atmosphere, the solid begins to adsorb the gas, 

resulting in a gradual reduction in the gas pressure at a specific temperature. After some 

time, the gas pressure becomes constant and the amount of gas adsorbed by the sample 

can be calculated from the difference in gas pressure by application of gas laws.  

The amount of adsorbed gas per gram of solid depends on the equilibrium 

pressure P, the temperature T, and on the nature of the gas and of the sample. For a given 

gas and sample, the amount of gas adsorbed at a fixed temperature is given by the 

equation:  

X = f (P) T, gas, solid 

Scheme 1-7. Represents the amount of gas adsorbed by sample at fixed temperature. 

If the gas is below its critical temperature, i.e., if it is in the vapor form, the alternative 

equation is used: 

X = f (P/P0 )T, gas, solid  

Scheme 1-8. Represents the amount of gas adsorbed by sample at below critical 

temperature. 
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These two equations are expressions of the adsorption isotherm, which can be 

defined as the relationship between the pressure at which the gas was adsorbed and the 

equilibrium pressure at constant temperature, used to determine the general pore structure 

of a porous solid. The adsorption isotherm is usually constructed point-by-point by the 

aid of a volumetric dosing technique and application of the gas laws.  

Though there are tens of thousands of recorded adsorption isotherms, the majority 

of those isotherms can be grouped into five classes as illustrated in Figure 1-7.48  

• Type I isotherms are given by microporous solids having relatively small external 

surfaces, the limiting uptake being governed by the accessible microporous 

volume rather than by the internal surface area;  

• Type II isotherms are obtained with a non-porous or macroporous solid. It 

demonstrates unrestricted monolayer-multilayer adsorption. The point B labeled 

in the graph normally means the conversion from monolayer adsorption to 

multilayer adsorption; 

• Type III isotherms are not common. In this case, the adsorbate-adsorbate 

interaction plays an important role;  

• Type IV isotherms have a characteristic hysteresis loop, which is associated with 

capillary condensation taking place in mesoporous solids. The initial part of the 

Type IV isotherm is attributed to monolayer-multilayer adsorption since it follows 

the same path as the corresponding part of a Type II isotherm. Type IV isotherms 

are given by many mesoporous materials, and;  
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• Type V isotherms are not common; they are related to the Type III isotherms in 

that the adsorbate-adsorbate interactions are weak, but is obtained with certain 

porous adsorbents.  

Hysteresis in Type IV isotherms is usually associated with capillary condensation 

in mesopores structures.48,108,109 
There are four types of hysteresis loops as shown in 

Figure 1-8:  

• H1 loop is always associated with pores with regular shape and narrow size 

distribution;  

• H2 loop is especially difficult to interpret: it was originally attributed to a 

difference in mechanism between condensation and evaporation processes 

occurring in pores with narrow necks and wide bodies,109 but now it is believed 

that the interconnected network between pores17,39 also contributes to the H2 loop;  

• H3 loop, which does not exhibit any limiting adsorption at high P/P
0
, is observed 

with aggregates of plate-like particles, and; 

• H4 loop is often assigned to narrow slit-like pores.  

The Brunauer-Emmett-Teller (BET) gas adsorption method48 has become the 

most widely used standard procedure for the determination of the surface area of finely 

divided and porous materials. The BET equation can be described in the linear form as: 
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m ⋅
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Scheme 1-9. The Brunauer-Emmett-Teller (BET) gas adsorption equation.  

Where, an  is the amount of gas adsorbed at a relative pressure P/P
0 
and a

mn  is the 

monolayer capacity. 
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1.6.2 X-Ray Diffraction (XRD)  

X-ray diffraction is one of the cornerstones of twentieth century science.110 It has 

been widely used to characterize sol-gel nanoporous materials. X-rays are relatively short 

wavelength and high energy electromagnetic radiations, generated from a source and 

focused into a fine beam that is then shone on to a solid sample. Some of the focused X-

ray beam is scattered and some adsorbed by the sample leading to a phenomenon called 

diffraction. It is analogous to a perfectly elastic collision between a photon and an 

electron. The photon changes direction after colliding with the electron but transfers 

some of its energy to the electron. The result is that the scattered photon leaves in a new 

direction but with the same phase and energy as that of the incident photon. Structural 

information can therefore be deduced from the knowledge of scattering intensity and 

angle.111 
For example, approximated as the repeating distance in the porous materials, the 

sum of a pore diameter and a pore wall thickness can be estimated based on the d spacing 

calculated from the Bragg equation.  

 

θλ sin2dn =  

Scheme 1-10. Bragg equation. 

Where λ is the wavelength, d is the separation between planes and θ is the diffraction 

angle. In the case of nanoporous materials with regular pore diameter and wall thickness, 

the d spacing is the sum of the pore diameter and wall thickness. Using the same X-ray 

diffraction phenomenon, the size, type and distribution of various metal and metal oxide 

nanoparticles present inside polymer and silica materials can be evaluated.    
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1.6.3 Electron Microscopy  

Electron microscopic observations can provide a straightforward evaluation of 

pore size, shape and distribution of nanoparticles in the nanoporous materials.112-114 

Generally, electron microscopes use a beam of highly energetic electrons to examine 

objects on a very fine scale. This examination can yield the following information:  

Topography: The surface features of an object or "how it looks", its texture;  

Morphology: The shape and size of the particles making up the object;  

Composition: The elements and compounds that the object is composed of, and;  

Crystallographic Information: How the atoms are arranged in the object.  

There are two types of electron microscopes: the transmission electron microscope 

(TEM) which uses a focused beam of electrons to "see through" the specimen. The 

scanning electron microscope (SEM), utilizes an electron beam that interacts with the 

surface of the sample and supplies information on the surface morphology of a sample, 

unlike TEM, which mainly gives information on the internal characteristics of a sample. 

1.7 Organization of this Dissertation 

Chapter 2 deals with the synthesis and characterization of porous silica material 

containing silver nanoparticles. Glucose was used as the reducing agent, to reduce silver 

nitrate to silver nanoparticles. Chapter 3 deals with fabrication of organic-inorganic 

hybrid nanofiber mats via the electrospinning method. The various factors affecting the 

morphology and diameter of the fibers were studied. The fibers were also characterized 

using various spectroscopic and microscopic methods. The fiber mats thus produced were 

then used as reinforcement materials for preparing dental resin composites, as described 

in chapter 4. The mechanical properties of the composites were tested. The effect of fiber 
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content on the fracture strength and elastic modulus of the dental composites was also 

evaluated. Next porous silica nanofibers containing silver and gold nanoparticle were 

fabricated as explained in chapter 5. The factors affecting the size and distribution of 

silver and gold nanoparticles inside the fibers were studied. The fibers thus produced 

were then tested for catalytic activity. Chapter 6 deals with the encapsulation of enzyme 

in porous silica nanofibers, using the electrospinning method. The factors affecting the 

catalytic activity of the encapsulated enzymes were evaluated. Chapter 7 explains the 

research done to align quantum dots inside silica/polymer composite fibers, for use in 

telecommunication and sensor applications. A brief conclusion and future work is given 

in chapter 8. Appendix A represents the work done in encapsulating several enzymes and 

manganese dioxide, in porous silica materials, as part of the ongoing collaborations with 

universities and companies. Finally, Appendix B represents the research proposal 

defended and passed on November 1st, 2004, in partial fulfillment of the requirement for 

the Ph.D. candidacy. 
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Figure 1-1. Sol-gel process and the products. (www.chemat.com/html/solgel.html)
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Figure 1-2. Three structure types proposed for silica-surfactant mesophase and the x-ray 
diffraction patterns: (a) MCM-41 (hexagonal); (b) MCM-48 (cubic); (c) MCM-50 
(lamellar). 50,51 
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Figure 1-3. Proposed schematics of the liquid-crystal templating (LCT) mechanism. 22,50 
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Figure 1- 4. Schematic representation of the electrospinning process.  
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Figure 1-5. Photograph of the electrospinning instrument set-up in our lab. 
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Figure 1-6. Taylor cone formed on the tip of the pipette during electrospinning. 86   
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Figure 1-7. IUPAC classification of physisorption isotherms. 48 
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Figure 1-8. IUPAC classification of hysteresis loops. 48 
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Chapter 2: Sol-Gel Synthesis and Characterization of Silver Nanoparticles in D-
Glucose Templated Mesoporous Silica Materials 

 

2.1 Introduction 

Functionalization of mesoporous silica matrix with polymers, metals, 

semiconductors and metal oxides has received considerable recognition because of their 

excellent catalytic, optoelectrical, chemical and environmental properties.1-7 Especially of 

interest is the doping of sol-gel synthesized silica matrix with metal nanoparticles.8-13 

These metal doped sol-gel materials are used extensively in catalytic,14-16 optical5,6 and 

sensor applications.17,18  

To increase the efficiency of metal-doped silica matrix for catalytic applications, 

some of the important properties that are desired include 1) large surface area, 2) ready 

access of metal nanoparticles to reagents, 3) no leakage of metal nanoparticles from the 

composite materials, and 4) no metal nanoparticle aggregation or poisoning. To enhance 

the optical properties of the metal composites, the metal particles present inside the 

matrix should have uniform size distribution as well as should be dispersed uniformly in 

the matrix. For the metal composites to act as good sensors, they should demonstrate a 

visible or electrical change in one of the properties when stimulated by a signal, which 

could then be detected optically or electronically. For example, Weiping et al.,19 showed 

that the silver doped silica material changes color from transparent to different shades of 

brown depending on the amount of moisture present in the atmosphere, thus acting as a 

moisture sensory device. Many methods have been thus evaluated for loading metal 

nanoparticles into the silica matrix for several applications as stated above.  
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2.1.1 Encapsulation of Metal Nanoparticles in Sol-gel Matrix 

Some of the important methods, listed according to their decreasing commonality 

of use, are listed below. 1) Addition of metal salts (nitrate, chloride, and sulfate) directly 

to the hydrolyzed sol mixtures20,21 of tetraethyl-orthosilicate (TEOS), tetramethyl-

orthosilicate (TMOS), etc., to form gels. The gels thus formed are then subjected to high 

temperatures to reduce the metal salts to the respective metal nanoparticles. Some of the 

particles synthesized using this method tend to precipitate out of the silica matrix. This 

causes a decrease in metal loading, which in turn causes loss in catalytic efficiency. 2) 

Another method involves soaking of the calcined silica matrix into the metal salt solution 

for a specific amount of time. The metal salt enters the silica matrix, which then can be 

reduced to metal nanoparticles by thermal decomposition.22 The main disadvantage of 

this method is the uneven distribution of the metal particles as well as the broad 

distribution of nanoparticle sizes depending on the impregnation of metal salt in the silica 

matrix. Chemical vapor deposition of metal nanoparticles is also sometimes employed 

instead of impregnation, as it ensures a better distribution of nanoparticles in the silica 

matrix. It becomes very difficult however, to maintain a narrow size distribution as the 

size of the metal particles range from 5 nm to as large as 20 nm. 3) In surfactant 

replacement method the metal particles replace the surfactants lining the inner walls of 

the porous silica matrix. The metal particles in this method are deposited by soaking the 

surfactant containing silica matrix in the metal salt,23,24 which simply replaces the 

surfactant. These surfactants are further removed either by chemical treatments or by 

burning the surfactants by subjecting the samples to high temperatures. 4) The inner walls 

of the mesoporous silica matrix can also be modified using inorganic moieties, which are 
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susceptible to metal compounds.25 In this method, silica precursors such as 

tetramethylorthosilicate or tetraethylorthosilicate are first modified with long chain 

organic moieties,26,27 which are further attached to inorganic moieties containing metal 

side groups. These compounds are then reduced to metal nanoparticles by calcinations. 5) 

Even less common is the utilization of metal containing templates, onto which the silica 

precursor is allowed to condense to form mesoporous materials.28 Two examples of such 

substrates are the block copolymer micelle core29 and micro gels,30 inside which the 

nanoparticles are located and which are then used for silica casting. After the metal 

particles are incorporated into the silica matrix, the templates are burned or extracted out 

to leave behind silica metal composites. Thus, there has been extensive effort in 

developing encapsulated nanoparticle materials for catalytic application as stated above. 

Yet a simple and inexpensive method needs to be developed to encapsulate nanoparticles 

into the inorganic matrix for the large-scale production of efficient metal catalyst.  In this 

chapter, we report a new and simple method of depositing nanosized silver nanoparticles 

on the inner walls of the nonsurfactant templated porous silica materials, under relatively 

mild conditions. 

2.1.2 Nonsurfactant Templated Silica Material  

Novel low-cost, biocompatible silica (or other metal oxides) materials were 

synthesized and patented in 1999 by our group.31 Two of the salient features of this 

technology are, (1) the room temperature synthesis of the nonsurfactant templated porous 

inorganic materials and (2) the easy extraction of the nonsurfactant templates from the 

inorganic matrix using water. The three main steps that go into the formation of the silica 

materials are the hydrolysis of TEOS using an acid catalyst, addition of non-surfactants 
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(glucose, fructose, dibenzoyl tartaric acid and urea) into the hydrolyzed solution and 

finally the formation of silica matrix containing aggregates of nonsurfactants.32-34 

Glucose was selected in this work as the non-surfactant template for the synthesis of 

silver-silica composites, due to its multifunctional applications. The glucose template not 

only acts as a pore-forming agent by producing mesopores with narrow pore size 

distribution, but also helps control the size of the mesopores depending on the wt% of 

glucose added into the silica sample. More importantly, when these glucose templated 

silica samples are immersed in silver nitrate, the glucose present in the silica matrix 

reduces the silver nitrate to silver metal. The silver metal thus produced is deposited on 

the inner walls of the pores. The reaction is similar to the silver mirror test, where the 

silver nitrate is reduced to silver in the presence of glucose. The silver nanoparticles 

produced in this way have a very narrow-size distribution, and the surface area of the 

silica metal composites is quite high. The color change that occurs due to the deposition 

of silver nanoparticles in the silica material varies from light yellow to brown, depending 

on the wt% of silver nanoparticles in the silica material. 

2.2 Experimental Section 

The synthesis of silver nanoparticle composites consisted of two main steps. One 

was the synthesis of glucose templated silica materials with various glucose content, and 

second is the formation of silver nanoparticles in situ inside the silica matrix via the 

reduction of silver nitrate to silver. 

2.2.1 Materials and Reagents 

Tetraethyl orthosilicate (TEOS, 98%) was purchased from Sigma-Aldrich 

Chemical Co.  (Milwaukee, WI). Silver nitrate (AgNO3), sodium hydroxide (NaOH), 
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nitric acid (HNO3), and β-D-glucose (C6H12O6) were purchased from Fisher Scientific 

(Fair Lawn, NJ) and ethyl alcohol was supplied by Pharmco Products (Brookfield, CT). 

All chemicals and reagents were used as received without further purification. 

2.2.2 Synthesis of Glucose Templated Silica Material 

The preparation of mesoporous silica materials followed the similar procedure as 

reported previously.35 TEOS was used as the silica precursor, to which water and small 

amounts of HNO3 catalyst were added to facilitate the hydrolysis of TEOS to form a sol. 

To the resultant TEOS sol, were added various amounts of a 50 wt% glucose aqueous 

solution. The glucose-containing sol was homogeneous and the sol-gel reactions (i.e., 

further hydrolysis and polycondensation) proceeded at room temperature. The samples 

were allowed to dry at room temperature for a few days until dry-transparent and 

monolithic glucose-containing silica gels were obtained. At high concentrations of 

glucose, the samples sometimes broke down into smaller but still transparent and crack-

free pieces during the drying process. Control samples were also prepared under identical 

conditions in the absence of glucose template. In a typical procedure, TEOS (0.15 

mol/L), ethanol (0.46 mol/L), H2O (0.35 mol/L), and HNO3 (2.0 M, 1.5 mmol/L) were 

mixed together in a flask at room temperature under agitation. After 15 min, the mixture 

became homogeneous and the solution was then heated to reflux under N2 for 2 hours. 

Upon cooling to room temperature, the prehydrolyzed TEOS sol thus obtained formed a 

stock solution ready for the subsequent synthesis. For the preparation of a sample 

containing 45 wt% glucose, 4.0 g of the prehydrolyzed TEOS sol (containing 10.1 

mmol/L of the precursor TEOS initially) was neutralized with 0.32 mL of 0.25 M 

NaOH(aq), followed by adding a solution of 0.5 g glucose in 0.5 g of distilled water 
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under stirring. The resultant homogeneous solution was sealed in a cylindrical glass 

container with paraffin film, which had 10-12 small holes punched with a syringe needle 

to allow for the evaporation of volatile molecules such as ethanol and water. Upon 

gelation and drying at room temperature for 3-7 days, a transparent and monolithic disk 

of glucose-containing silica sample was obtained. Depending on the wt% of glucose 

added in the sample, the silica materials were labeled as 10GTS to 50GTS for 10 wt% to 

50 wt% glucose-templated silica materials, respectively. A control containing 0 wt% of 

glucose was also synthesized. 

2.2.3 Synthesis of Silver Containing Silica Composites 

The glucose-containing samples were immersed in a solution of AgNO3, water 

and ethyl alcohol. The samples broke down into smaller pieces but remained crack free. 

The silver nitrate diffused inside the silica matrix sample, and the glucose present in the 

samples reduced the silver nitrate to silver metal, which was deposited on the walls of the 

mesopores. A change in color from transparent to yellowish brown was observed in the 

sample containing the silver particles. These silver containing samples were then dried 

under vacuum for 2 to 3 days. The silver-silica composites thus obtained are denoted as 

10GTS(Ag) to 50GTS(Ag) samples depending on the wt% of glucose present in the 

sample. As a typical procedure for preparing a 50GTS(Ag) sample, 1g of 50GTS sample 

was immersed in a solution of 10mL of 0.2 M AgNO3 and 5mL mixture of ethanol-H2O 

(1:1 v/v) solution. This suspension was stirred gently for 2 hours and left to stand for an 

additional 2 hours at room temperature. The samples broke down into smaller but crack 

free pieces, which were filtered out, washed thoroughly with ethanol and left to dry under 



 

 

49

vacuum for 2 to 3 days. Two control samples, 0GTSslid (powdered silver-coated glass 

slide) and 0GTS(Ag) (0GTS sample immersed in AgNO3) were also prepared. 

2.3 Instrumentation and Characterization  

 The silica samples were characterized using N2 sorption via Micromeritics ASAP 

2010 (Micromeritics Inc., Norcross, GA) at -196 oC. All samples were degassed at 100 oC 

and 10-6 Torr overnight prior to N2 adsorption-desorption and the surface area, pore 

diameter and pore volume were calculated using the accompanying software from 

Micromeritics. Powder X-ray diffraction (XRD) patterns were recorded on a Siemens 

D500 diffractometer equipped with a rotating anode and using Cu Kα radiation (λ= 

0.15418 nm) with scanning rates of 2o/min. Elemental analysis and X-ray mapping were 

conducted on an EDX interfaced, Phillips XL-30 environmental scanning electron 

microscope (ESEM). The instrument was operated at an accelerating voltage of 15 kV, 

and the samples were deposited on the sample holder with adhesive carbon tape. TEM 

images of sliver-silica nanocomposites were obtained on a Hitachi H-900 HRTEM 

operated at an accelerating voltage of 300 kV. The TEM samples were prepared by 

evaporating a suspension of finely powdered sample in ethyl alcohol on a copper grid 

coated with porous carbon film. Solid-state UV-visible reflectance spectra of the as-

synthesized sample were measured on a Perkin Elmer, Model-330 spectrophotometer. 

The baseline was calibrated with magnesium carbonate. The samples were prepared by 

spreading a 0.5 mm thick layer of silica-silver composite powder on top of a layer of 

magnesium carbonate. The sample was then subjected to direct UV-visible light. The 

spectra were obtained at a scanning rate of 60 nm/min. 
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2.4 Results and Discussions 

The composition and the pore parameters of the silver-silica composites are 

summarized in Table 2-1. After the glucose templated silica samples were immersed in 

silver nitrate solution for 4 hours, they were washed with water in a Soxhlet apparatus for 

a span of 2 hours to make sure that all the excess silver nitrate solution present in the 

GTS(Ag) materials was washed out. The water was also tested for any silver 

nanoparticles that might have leaked out of the composites during washing. Other than 

the variation of glucose content in the GTS samples, all other variables, such as the 

concentration of the silver nitrate solution and the time for which the GTS materials were 

immersed in the silver nitrate solution, was kept constant. 

2.4.1 Elemental Analysis and X-Ray Mapping  

EDX technique (Figure 2-1) was used to evaluate the silver loading inside the 

GTS(Ag) materials. The EDX results show an increase in silver content from 6 to 10.6 

wt%, with increase in glucose concentration from 30 to 50 wt% in the GTS samples. The 

amount of silver present in the composites before and after Soxhlet extraction did not 

vary significantly, suggesting the absence of silver particle leakage from the samples. 

2.4.2 N2 Sorption Characterization 

Representative nitrogen adsorption-desorption isotherms at -196 oC for the porous 

silver-silica nanocomposite samples are shown in Figure 2-2. These samples show type-I 

and type-IV kinds of isotherm.36,37 The type-I isotherm is produced by adsorption of 

nitrogen gas on microporous solids. Type-II and III isotherms are produced by non-

porous materials the type-IV isotherm is produced by mesoporous materials. A 

characteristic of the type-IV isotherm is the hysteresis loop. The shape of the loop that the 
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type-IV isotherm forms varies depending on the surface area of the sample. The two 

control samples used here are 0GTS and 50GTS. 0GTS sample does not contain either 

glucose or silver nanoparticles. Control sample 50GTS contains 50 wt% glucose but no 

silver nanoparticles. These control samples were washed in water to extract out the pore 

forming glucose template. The samples were dried and then tested for surface area and 

pore diameter using the BET instruments. The isotherms formed for the template-

extracted samples have H2 Hysteresis loops at P/P0 in the region of ~ 0.4-0.7 nm. The 

increase in wt% of glucose in the sample increases the surface area of the samples, which 

further causes the size of the hysteresis loops to range from the smallest in 0GTS 

materials to the largest in 50GTS. The type of isotherm that 0GTS exhibits is the 

reversible type I, which is typical for materials with microporous structures. The 

template-extracted 50GTS materials exhibit a reversible type-IV isotherm. When 

glucose-containing samples are immersed in silver nitrate solution, silver nanoparticles 

are formed and the isotherm pattern changes (Figure 2-2). This change occurs when the 

silver nanoparticles are deposited on the inner walls of the mesopores, causing the surface 

area of the sample to change. Unlike the decrease in surface area seen when going from 

50GTS to 50GTS(Ag), the surface area is seen to increase from 30GTS to 30GTS(Ag) 

(Table 2-1).  The reason for this difference could be attributed to that the silver particles 

synthesized by the 30GTS(Ag) are smaller than that of 50GTS(Ag). Thus the silver 

nanoparticles in 30GTS(Ag) line the inner wall of the mesopores, increasing the pore 

volume and making the mesopores accessible to nitrogen molecules. On the other hand, 

in the case of 50GTS(Ag) samples the nanoparticles could be blocking the mesopores and 
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making them inaccessible to nitrogen molecules, thus decreasing the surface area as well 

as the pore volume of the silica composites. 

The Barrett-Joyner-Halenda (BJH) pore size distribution curves derived from 

desorption branches of the nitrogen isotherms are shown in Figure 2-3. With pore 

volumes plotted against pore diameter, the curves indicate a relatively narrow size 

distribution of the mesopores in the range of 3-4 nm for all of the water extracted GTS 

samples. The 0GTS control sample exhibits a much broader pore size distribution with 

comparatively lesser number of mesopores similar to data presented in the literature.38 

The water extracted 50GTS control sample, on the other hand, shows a very narrow pore 

size distribution around 3.4 nm, due to the porosity caused by the glucose templates in 

the sample. When the 50GTS sample (still containing glucose) is immersed in silver 

nitrate solution, silver nanoparticles are formed. These particles get lodged inside the 

mesopores of the sample (i.e., 50GTS(Ag)). The pore-size distribution curve thus drops 

down considerably to give a much broader curve due to the blocking of some mesopores, 

hence, obstructing the detection of these pores by the BET instrument. The pore size 

distribution derived from the H2 hysteresis loop was believed to be associated solely with 

the data collected from the narrow neck-type mesopores, which are compared to an 

inkbottle. It is now recognized that the data collected from the hysteresis loop may be 

influenced by the porous network connections present in the sample.37 Despite the 

complexities and a few uncertainties, the nitrogen sorption measurements help in the 

analyses of porous material. The pore diameter derived from the BHJ method proved to 

be in favorable agreement with the date obtained from the XRD (Figure 2-4) and TEM 

(Figure 2-5) analyses. 
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2.4.3 X-Ray Diffraction Characterization 

Figure 2-4 represents powder XRD pattern for the control sample (0GTS), silver 

containing samples (30 and 50GTS(Ag)) and heat-treated 50GTS(Ag) sample. A broad 

diffraction peak centered at approximately 23o was observed in all of the samples at a 

high angle range. This broad peak is typical of the amorphous nature of the sol-gel silica 

samples. A similar type of amorphous peak was also seen in porous silica samples 

synthesized using cationic and neutral surfactant templates.36,38 50GTS(Ag) samples 

show high angle diffraction crystalline peaks which can be readily indexed according to 

the crystalline Ag structure as shown in Figure 2-4. The peaks are less intense, as some of 

the nanoparticles in the sample are not completely formed. When the same 50GTS(Ag) 

samples were subjected to high temperatures around 300 oC, the peaks for silver became 

more intense. This is due to the further development of crystalline phase of metallic silver 

particles. 30GTS(Ag) samples do not show clear high angle diffraction peaks for silver, 

this again is due to the small size of silver nanoparticles (< 5 nm). This phenomenon can 

be further explained by comparing the results with a control sample (i.e., Gslid(Ag)), 

which is produced by depositing a thin monolayer of silver onto a thin glass slide. The 

XRD diffraction of the control sample did not show any high angle diffraction peaks for 

silver, similar to the results of 30DTNS(Ag) samples. The reason for this discrepancy is 

because the concentration of glucose in 30DTNS(Ag) is barely enough to reduce the 

silver nitrate to silver, and deposit it on the inner walls of the mesoporous samples. When 

these samples are calcined, the fine silver particles layering the mesoporous walls tend to 

aggregate and grow in size, giving rise to sharper and intense high angle diffraction 

peaks, as proved by Mitrikas et al.39 
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2.4.4 Transmission Electron Microscopy Characterization 

Glucose not only acts as a reducing agent but also acts as a nonsurfactant 

templating agent. Hence, the distribution of glucose in the silica matrix governs the way 

the mesopores are shaped and how the silver nanoparticles are distributed inside the 

sample. Figure 2-5(a) and (b) shows a bright field TEM micrograph image along with 

inserts of electron diffraction patterns for 50GTS(Ag) and 30GTS(Ag), respectively. The 

50GTS(Ag) TEM picture, shows randomly distributed 3 to 4 nm sized silver 

nanoparticles embedded in the silica matrix, which complements the results obtained with 

the other characterization methods. The low resolution TEM micrograph (Figure 2-5(b)) 

of 30GTS(Ag) does not show any silver particles, this could be due to formation of a thin 

layer of silver on the inner walls of the pores, rather than the nanoparticles formed in 

50GTS(Ag). The distribution of silver particles in the silica matrix was analyzed further 

by X-ray elemental mapping. Figure 2-6 shows a uniform distribution of oxygen, silicon 

and silver in the composite sample. Thus, these morphological studies indicate a random 

but even distribution of silver nanoparticles in the silica matrix.  

2.4.5 Optical Characterization 

The silver-silica samples vary in color from light yellow to dark brown, 

depending on the size and concentration of the silver particles in the sample, as seen in 

Figure 2-8. 30GTS(Ag) samples show a light yellow to orange color, and 50GTS(Ag) 

samples show a much darker shade of brown. Silver nanoparticles, unlike bulk metals, 

show unusual optical properties, including light adsorption and scattering. This 

phenomenon is caused by the surface plasmon resonance (SPR) of the silver 

nanoparticles. SPR is characteristic of 2-50 nm-size nanoparticles. Electrons from the 
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particles can oscillate on the particle surface and adsorb electromagnetic radiation from 

particular energy levels. Particles less than 2 nm do not show this phenomenon because 

the electrons are present in discrete energy levels.40 According to Mie theory,41 small 

spherical metal nanocrystals should exhibit a single surface plasmon band; whereas 

anisotropic particles exhibited two to three bands. Recently Jin et al.42 observed two 

distinct quadruple plasmon resonances for silver nanoparticles shaped like prisms. The 

UV-visible spectra for 0 to 50GTS(Ag) samples are depicted in Figure 2-7. The control 

sample (i.e., 0GTS(Ag)) does not show any plasmon absorbance peaks because of the 

absence of silver particles in the sample. 10GTS(Ag) samples also shows no peak around 

400 nm as the silver particles are not formed. 30-40GTS(Ag) samples show a broad peak 

around 425nm, and 50GTS(Ag) samples show a much more intense peak at 410 nm, 

caused due to the silver nanoparticles as previously reported by Maoping et al.19,43 The 

plasmon absorbance peaks have a slight tailing near the 600 to 800 nm range, caused due 

to a broad size distribution of silver nanoparticles (2 to 5 nm). 

2.5 Conclusion  

A simple process of soaking the glucose templated silica materials in silver nitrate 

solution leads to the in situ production of silver-silica composites. Thus, the method is 

compatible for large-scale production of silver-silica composites, required for various 

catalytic applications. As mentioned before, the wt% of glucose in the sample directly 

influences the silver loading in the silica matrix. The silver-silica composites show a 

large pore volume and surface area, along with a narrow size distribution of silver 

nanoparticles. The detailed characterization of the composites further proves the uniform 

distribution of silver nanoparticles in the sample.  
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Table 2-1. Compositions and pore parameters of the silver-silica materials, prepared by 
the reduction of silver nitrate to silver, using glucose as a reducing agent. (Glucose 
templated nonsurfactant silica material (GTS)).  
 

 

 

 

 
 aThe numerical figures in the sample code denotes the glucose template concentration 
(wt% of glucose template in the final dry product, excluding the silica and silver content). 
The sample codes containing the term “Ag” are samples that contain silver nanoparticles 
(the glucose present in the samples reduced AgNO3 to silver). bAverage values of silver 
present in the silica samples, calculated based on the EDX elemental analysis taken from 
four different areas of each sample. cSurface area and dPore volume of the sample 
determined by N2 adsorption-desorption isotherms. ePore size determined from the 
maxima of the BJH desorption pore size distribution curves with the Halsey equation. 
fMicropore volume determined by the t-plot analysis

silver (wt%)b 
 
 

SBET
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VPORE
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DBJH
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micropore 
volumef 

 

sample codea 

before      
extraction 

after 
extraction 

m2g-1 cm3g-1 Nm cm3g-1 
 

0GTS ------- ------- 842 0.2 2.2 120 
0GTS(Ag) 0.04 0.0 900 0.2 2.4 100 

30GTS ------- ------- 947 0.4 2.6 43 
30GTS(Ag) 6.0 5.8 1061 0.5 2.5 130 

50GTS ------ ------- 1026 0.7 3.2 ------- 
50GTS(Ag) 10.6 9.9 791 0.4 2.9 ------- 
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Figure 2-1. Representative X-ray energy-dispersive spectra for silver-silica 
nanocomposites. (a) 0GTS(Ag) does not show any peak for silver; (b) 30GTS(Ag) shows 
a small peak for silver; (c) 50GTS(Ag) shows a relatively sharper peak for silver. 
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Figure 2-2. N2 adsorption-desorption isotherms at -196 oC for control samples (i.e., 0 and 
50GTS) and silver-silica composites with different silver content (i.e., 0, 30, 50GTS(Ag)) 
*Samples 20GTS(Ag) show the same trend in results as 30GTS(Ag). 
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Figure 2-3. BJH pore size distributions for the control samples (i.e., 0GTS and 50GTS) 
and for silver-silica composites with different sliver contents (i.e., 0, 30, 50GTS(Ag)).   
* Samples 20GTS(Ag) show the same trend in results as 30GTS(Ag). 
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Figure 2-4. X- ray diffraction of silver-silica nanocomposites: a) 50GTS(Ag) samples 
immersed in silver nitrate solution and heat-treated at 300 oC; b) 50GTS(Ag) sample 
containing silver nanoparticles (not heated); c) 30GTS(Ag) sample containing silver 
nanoparticles (not heated) and d) control sample Gslid(Ag). 
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                            5(a)                                                                         5(b) 

 

 

                                                                       

Figure 2-5. (a) Representative TEM image of mesoporous silver-silica nanocomposites 
(50GTS(Ag)) along with inserts of electron diffraction patterns. The dark spherical spots 
seen in the micrograph are silver particles, and the gray background is the mesoporous 
silica frame work, which clearly shows worm-like mesoporous channels; 5(b) TEM 
image of 30GTS(Ag) sample shows a silica frame work with probable tiny silver 
particles and electron diffraction pattern of silver nanoparticles. Scale bar 10 nm. 
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                         (a)                                                                                        (b) 

 

                                             
                         (c)                             (d)        

 

 

 

 

Figure 2-6. Series of X-ray mapping images of silver-silica nanocomposites containing 
50 wt% glucose (i.e., 50GTS(Ag)). (a) As synthesized 50GTS(Ag) sample; (b) oxygen 
mapping; (c) silicon mapping; (d) silver mapping. Scale bar: 10 µm. 
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Figure 2-7. Solid-state UV-vis reflectance spectrum of mesoporous silver-silica 
nanocomposites, (a) 0GTS(Ag), (b) 10GTS(Ag), (c) 30GTS(Ag), (d) 40GTS(Ag) and (e) 
50GTS(Ag). 0GTS(Ag) and 10GTS(Ag) do not show any maximum absorbance peaks. 
30-40GTS(Ag) and 50GTS(Ag) show peaks at 425 and 410 nm, respectively. The spectra 
for all these samples were obtained at a scanning rate of 60 nm/min. 
 

 

 

 

 

 

 

 

 



 

 

68

 
 

 

 

Figure 2-8. Shows the change in color observed in silica nanocomposites. (a) 0GTS 
samples are transparent because of the absence of silver nanoparticles; (b) 20GTS(Ag)  
samples are light yellow in color because of the presence of silver nanoparticles in very 
small amounts and (c) 50GTS(Ag) samples are dark brown in color depicting the 
presence of high content of silver nanoparticles in the sample. Scale bar 1 cm. 
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Chapter 3: Fabrication of Organic-Inorganic Hybrid Copolymer Nanofibers via 
Electrospinning 

 

3.1 Introduction  

The boom in the field of nanotechnology has been attributed mainly to the distinct 

and amazing properties of nanomaterials, such as large surface area, enhanced optical, 

electrical and mechanical properties.1-5 Some important nanomaterials that have taken a 

leading role in the field of material fabrication are nanoparticles, nanospheres, nanotubes, 

nanofibers.6-9 As the size of the material shrinks down to the nanoscale range, the 

properties of the nanomaterial often change considerably from the parent bulk material. 

Recently, there has been growing interest in the fabrication of nanofibers using various 

polymers as bulk materials.10-13 As the diameter of these fibers shrink from submicron 

size to the nanometer range, various properties such as large surface area, excellent 

mechanical properties, and enhanced fiber surface sensitivity, emerge.1,10 Until recently 

the main techniques used for processing fibers were quite limited and tedious in nature. 

Some examples of such methods are: 1) fiber drawing,14 where long individual fibers are 

drawn one by one manually or mechanically from a polymer melt or viscous solution, 

thus producing micron sized fibers. Only polymers that are capable of withstanding 

strong deformations and those which are cohesive enough can be used; 2) template 

synthesis is another method,15,16 where porous materials, such as molecular sieves, acid 

etched silicon wafers, etc., are used as templates for the synthesis of nanotubes. The 

method is tedious and scale up is not economical; 3) self-assembly17 is a technique where 

pre-existing polymer components organize themselves into polymer nanofibers, however 

the surface morphology and diameter of the fibers produced using this technology is not 
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uniform. Recently, another method called electrospinning was invented, were continuous 

fibers can be synthesized in large quantities in a very short time.18,19 

Electrospinning method for producing nanofibers was popularized by Reneker et 

al., around 1995.20 Before this period, electrospinning was used mainly in textile 

industries. The concept of this technique was developed 60 years back. It was Formalas 

who obtained a number of patents around 1934 to 1944 discussing the actual fabrication 

of polymer fibers from polymer solutions, using electrodes to charge the solution and 

deposit it on an oppositely charged metal collector.21,22 It was only after 1995, that 

electrospinning was researched for use in medical23 and biosensor24 applications. The 

electrospinning process can be considered a variation of the electrospray process. When a 

drop of liquid at the tip of the capillary is subjected to an electrostatic field, it gets 

distorted into a conical shape and accelerates out as a fine jet of liquid that breaks into 

fine droplets and is collected on a grounded metal plate.20,25 If a viscous polymer solution 

is used instead of a dilute liquid, the accelerating jet from the capillary does not break up 

into droplets but rather remains as a fiber and is collected on a charged metal collector. 

There have been many reports on the fabrication of fibers via electrospinning using 

various polymers, metal oxide solutions.26,27 Yet relatively few reports have been 

published dealing with the electrospinning of organic-inorganic hybrid fibers34,36 and 

almost none dealing with the processing parameters of these nanofibers. Some of the 

processing parameters that play an important role in the synthesis of these nanofibers are: 

a) concentration and viscosity of the polymer solution, which governs the thickness and 

the uniformity of the fibers; b) accelerating voltage, which when increased or decreased 

governs the formation of beads in the fiber mats; c) the distance from the tip of the 
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capillary to that of the collector also governs the length and thickness of the fibers and 

lastly; d) the ambient parameters, such as solution temperature and humidity, that affect 

the morphology of the fibers.20,28  

The applications of the electrospun fibers are innumerable. Reinforcement of 

composites,29 filtration membranes,30 biosensors,31 biomaterials,32 military protective 

clothing,18 cosmetic masking,33 etc., are some of the important applications in which 

extensive research is being conducted, with excellent results for future product 

commercialization.34 In addition to these applications, there are other unique applications, 

which are limited to organic-inorganic hybrid polymer fibers. This new class of materials 

is based on the combination of organic and inorganic components. They are also called 

nanocomposites as the inorganic and organic components both are combined together at 

the nanoscale level. These hybrid fibers have the advantages of both the organic fibers 

(such as light weight, flexibility and good moldability) and inorganic fibers (such as 

dynamic strength, heat stability, chemical resistance).35 The hybrid fibers are expected to 

be used extensively as scratch and abrasive-resistant hard coatings,36 as nonlinear optical 

materials and also as reinforcements in contact lenses, dental materials, plastics and 

elastomers.37 Extensive research has been conducted in synthesizing hybrid materials in 

our laboratory, aiming at utilizing these hybrid materials for applications in developing 

dental filler composites. Two such synthesized hybrid polymers use 3-

(trimethoxysilyl)propyl  methacrylate (MSMA) and methyl methacrylate (MMA) as 

precursors to synthesize trimethoxysilyl functionalized polymethacrylate (PMCM) and 

poly[methyl methacrylate]-co-3-(tri-methoxysilyl)propyl methacrylate-silica hybrid 

(PMCM-SiO2) materials.38,39 The PMCM-SiO2  hybrid polymer has been synthesized by 
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the sol-gel method, where the organic component is PMCM and the inorganic component 

is silica. No phase separation between the organic and inorganic components was 

observed in the PMCM-SiO2 polymer, due to extensive covalent bonding between 

them.40 These hybrid polymers have exceptional thermal mechanical properties and 

hence, are good reinforcement candidates for dental materials. Thus, the above-

mentioned polymer hybrids were synthesized and then used to fabricate nanofibers via 

the electrospinning technique. The influence of different parameters, such as polymer 

solution concentration and viscosity, on the morphology of the fibers, was studied. 

Finally, the hybrid PMCM and PMCM-SiO2 nanofibers thus formed were then evaluated 

for use as reinforcements in dental filler applications, as will be explained in the next 

chapter.     

3.2 Experimental  Section 

The fabrication of hybrid nanofibers involves three main steps. One is the 

polymer synthesis of the copolymer PMCM. Second is the preparation of the PMCM and 

PMCM-SiO2 electrospinning solution, and third is the fabrication of PMCM and PMCM-

SiO2 nanofiber mats.  

3.2.1 Materials and Reagents  

Methyl methacrylate (MMA) monomer, 3-(trimethoxysilyl)propyl  methacrylate 

(MSMA), sodium hydroxide (NaOH), benzoyl peroxide (BPO), anhydrous calcium 

chloride (CaCl2), anhydrous benzene, anhydrous hexane, chloroform (CHCl3), 

tetrahydrofuran (THF) and dimethylformamide (DMF) were all purchased from Sigma-

Aldrich Chemical Co.  (Milwaukee, WI). MMA was first washed 5 times with equal 

amounts of 5 wt% NaOH solution to remove the inhibitor. The MMA was then finally 
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washed with distilled water and dried over anhydrous CaCl2 followed by distillation.  

MSMA was distilled under reduced pressure before use. Benzoyl peroxide (BPO) was 

purified by re-crystallization in benzene. Anhydrous benzene was also used as the solvent 

in the PMCM copolymer synthesis. Anhydrous hexane was used to precipitate the 

PMCM copolymer after synthesis. Solvents, such as chloroform (CHCl3), tetrahydrofuran 

(THF), and dimethylformamide (DMF), utilized to dissolve the PMCM copolymer for 

electrospinning purposes and tetraethyl orthosilicate (TEOS) utilized to synthesize the 

PMCM-SiO2 hybrid fibers were also used as received.  

3.2.2 Synthesis of Trimethoxysilyl Functionalized Polymethacrylate Copolymer 

(PMCM)  

Scheme 3-1 represents the reaction involved in the synthesis of PMCM. The 

copolymer was prepared by free radical copolymerization of 3-(trimethoxysilyl)propyl 

methacrylate (MSMA) with methyl methacrylate (MMA), using BPO as an initiator in 

benzene at 70 oC. MMA is first washed with sodium hydroxide (NaOH) and distilled 

water to remove the inhibiter. MMA and MSMA are then purified by distillation under 

reduced pressure to prevent polymerization. In a typical procedure for the synthesis of 

PMCM, 27 g of MMA and 7.5 g of MSMA (9:1 mol ratio, respectively) were mixed 

together in a round bottom flask. 60 ml of anhydrous benzene solvent and 0.1% of BPO 

(0.03 g) initiator were then added to the monomer mixture. All the steps were carried out 

as quickly as possible to keep the moisture content to a minimum. The polymerization 

was conducted at 70 oC under nitrogen for 10 hours.  The viscous PMCM polymer thus 

produced was precipitated out of the reaction mixture using anhydrous hexane. The 

polymer was re-dissolved and precipitated out using benzene and hexane, respectively, to 
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wash out any un-reacted monomer. The copolymer was dried at 40 oC under vacuum and 

in the presence of anhydrous phosphorous pentoxide for three days and finally stored 

under vacuum in a sealed glass container. The molecular weight of the PMCM copolymer 

thus obtained was around 85,000 as determined by gel permeation chromatography 

(GPC).  
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Scheme 3-1. Synthesis of PMCM. 

3.2.3 Synthesis of Poly[methyl methacrylate]-co-3-(tri-methoxysilyl)propyl 

methacrylate-silica (PMCM-SiO2) Hybrid Polymer  

Scheme 3-2 represents the reaction involving the synthesis of PMCM-SiO2. Two 

10 wt% PMCM copolymer solutions were prepared by dissolving the copolymer in THF 

and DMF to give solutions A and B, respectively. A hydrolyzed TEOS solution was then 

prepared by mixing TEOS with THF, water, and 2 M HCl in a molar ratio of 1:3:3:0.01, 

to give solution C. Next, four solutions of A:C and B:C were prepared by mixing them in 

9:1 and 8:2 weight ratios as seen in Table 3-1. In general, 9 g of 10 wt% PMCM/THF 
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solution is mixed with 1 g of prehydrolyzed TEOS solution dropwise with constant 

stirring. Covalent bonding between the silanol groups of the hydrolyzed TEOS with those 

present in the polymer chains of PMCM copolymer (Si-O-Si bond) occurs to give a 

homogenous and clear hybrid solution. 
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Scheme 3-2. Synthesis of PMCM-SiO2. 

3.2.4 Preparation of PMCM Copolymer Electrospinning Solution   

The copolymer solutions were prepared by dissolving PMCM in HPLC grade 

chloroform (CHCl3), THF and DMF. Different concentrations of the copolymer solutions 

were prepared and spun into fibers to study the effects of solvents on the morphology of 

the copolymer fibers, as well as to optimize the fabrication of fibers to the smallest 

achievable diameter. Table 3-2 gives a detailed list of all the solvents and the 

concentrations of solutions used for electrospinning. In a typical procedure for the 

synthesis of 6 wt% PMCM/DMF electrospinning solution, 3 g of PMCM copolymer were 
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dissolved in 7.8 g of HPLC grade DMF solution. The copolymer solution was constantly 

stirred at room temperature for 24 hours to obtain a homogeneous solution. Thus, 

different concentrations of the copolymer solution were prepared for electrospinning.  

3.2.5 Preparation of PMCM-SiO2 Copolymer Electrospinning Solution  

As stated under synthesis of PMCM-SiO2, two solutions A and B were mixed in a 

ratio of 9:1 and 8:2 with solution C. The hybrid solution thus prepared was stirred 

continuously and spun into fibers at different time intervals as specified in Table 3-3.  

3.3 Electrospinning 

A schematic representation of the electrospinning instrument is shown in Figure 

1-4 (Chapter 1). The apparatus consists of a syringe, which is clamped to an electrically 

insulated stand, which acts as a support for a blunt capillary pipette. The pipette holds the 

desired polymer solution, which is to be spun into fibers. A grounded copper plate 

covered with aluminum foil acts as a source for the deposition of fibers. A positive 

voltage is applied to the polymer solution by immersing a copper wire into it. Thus, an 

electric field is generated between the capillary tube tip containing the polymer solution 

and the grounded collecting copper plate. The electric field then induces a charge on the 

surface of the polymer solution producing a Taylor cone20,41 through which a charged jet 

of polymer solution ejects out and is deposited in the form of fibers on the aluminum foil. 

A gamma high voltage supply ES30P-10W (0-30 kV, 10 Watts, Gamma High Voltage 

Research, Florida) instrument was used as the power source. The distance between the tip 

of the capillary tube and the grounded plate was kept constant at around 20 cm. The 

applied voltage varied from 5 to 20 kV. Ambient temperature was maintained inside the 
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electrospinning chamber, and care was taken to see that the atmosphere inside the 

chamber was devoid of humidity. 

3.4 Instrumentation 

3.4.1 Gel Permeation Chromatography (GPC) 

A Hewlett-Packard HP 1090 liquid chromatograph equipped with a refractive 

index detector, PLgel column and THF eluent was used to determine the molecular 

weight of the copolymer. The copolymer was dissolved in THF to obtain a 1% solution, 

and the instrument was calibrated against secondary polystyrene standards. 

3.4.2 Environmental Scanning Electron Microscopy (ESEM) 

The morphology and diameter of the electrospun fibers was analyzed by obtaining 

micrographs from the field emission environmental scanning electron microscope 

(Phillips XL-30, ESEM). Approximately 1 cm x 1 cm square pieces of fiber mats were 

mounted on top of sample holders using conducting carbon tape. The samples were then 

sputter coated with a monolayer of platinum. The sputter-coated fibers were then exposed 

to a voltage of 20 kV. The average diameter of the fibers was determined by measuring 

100 random fibers from micrographs using UTHSCSA ImageTool 3.0. 

3.4.3 Fourier Transform Infrared Spectra (FT-IR)  

Infrared spectra of PMCM and PMCM-SiO2 fibers were analyzed by an 

attenuated FT-IR Perkin-Elmer, Model-1600 spectrophotometer. Each spectrum was 

acquired by accumulation of 50 scans with the resolution of 4 cm-1.  
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3.4.4 Differential Scanning Calorimeter (DSC,TA Q100) and Thermogravimetric 

Analyzer (TGA, TA Q50) 

3 mg of electrospun fibers were sealed in aluminum sample pans for DSC 

analysis. The analysis was conducted under dry nitrogen at a heating rate of 20 oC/min 

from 10 to 300 oC. The TGA analysis was performed in air using 20 mg of the sample 

placed in an open platinum pan over a temperature range of 25 to 600 oC at a heating rate 

of 20 oC/min. 

3.5 Results and Discussion 

3.5.1 Properties of PMCM and PMCM-SiO2 Electrospinning Solution   

Various concentrations of copolymer PMCM solutions using several solvents 

were prepared for electrospinning. The solutions were all homogenous in nature, and the 

molecular weight of the PMCM polymer was relatively high enough to withstand the 

break down of the solution to droplets, thus producing long and non-woven fiber mats.  

The PMCM-SiO2 hybrid solution prepared for electrospinning was also homogenous in 

nature, and the PMCM-SiO2 hybrid fibers produced showed uniform distribution of 

PMCM polymer chains inside the silica matrix. The reason for the uniform distribution 

could be due to the rapid formation of covalent bonds between the PMCM polymer and 

the hydrolyzed TEOS during spinning.  Since the hydrolysis of TEOS is carried out using 

an acid catalyst (HCl), as explained in the experimental section, the silicates formed in 

the PMCM-SiO2 fibers are mostly linear rather than branched (which is the case when 

using base catalyst). Large domains of silicate aggregates are thus avoided in the PMCM-

SiO2 fibers and hence, no phase separation is noticed.38,39 
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3.5.2 Optimization of Properties for Electrospinning Uniform PMCM Copolymer 

Fibers  

3.5.2.1 Effect of Solvents on PMCM Copolymer Fibers   

PMCM copolymer was electrospun using three different solvents. Table 3-2 gives 

the type of solvents used as well as the size of the fibers obtained for each 

polymer/solvent pair. The morphology and the size of the fibers were seen to vary 

considerably, with solvent. A detailed explanation of the effect of solvents is given 

below. 

Chloroform (CHCl3)  

Bongnitzki et al.,10 in 2001, were among the first researchers to study the factors 

involved in the formation of nanostructures on electrospun nanofibers.  In 2002 Megelski 

et al.25 reported the formation of pores on polystyrene (PS) nanofibers, spun using CHCl3 

solvent. They stated that the high volatility, boiling point and vapor pressure of CHCl3 

played an important role in the formation of pores. The PMCM nanofibers that were spun 

using CHCl3 solvent also showed similar porous morphology as seen in Figure 3-1. The 

surface of the fibers showed large number of pores, with the size of the pores varying 

considerably from 100 nm to 200 nm. The PMCM/CHCl3 solution was found to dry out 

at the tip of the pipette during electrospinning, causing the tip to clog and require 

cleaning every few minutes. The diameter of the fibers was also seen to increase with 

increase in concentration of polymer solution. Thus increasing the concentration of the 

PMCM/CHCl3 solution from 6 and 12 wt% caused the diameter of the fibers to increase 

from 1 to 4 µm. 
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Tetrahydrofuran (THF) 

As the vapor pressure of THF is not as high as CHCl3, the fibers synthesized 

using THF solvent did not contain any pores on the surface, and therefore, the fibers were 

smooth and cylindrical in nature, as seen in Figure 3-2. When the concentration of the 

polymer solutions was increased from 6 to 12 wt%, the diameter of the fibers also 

increased from 800 nm to 4 µm, respectively. 

 

Dimethylformamide (DMF) 

The PMCM copolymer formed a homogenous solution when dissolved in DMF. 

The fibers produced in this case were smooth and cylindrical, with the diameter of the 

fibers much smaller than that obtained in the case of PMCM/THF and PMCM/CHCl3 

solution. Thus, due to the formation of uniform and small diameter fibers, DMF was used 

as the standard solvent for the further optimization of the PMCM nanofibers. 

3.5.2.2 Effect of Concentration on PMCM Copolymer Fibers 

Deitzel et al.42 demonstrated that viscosity and surface tension play an important 

role in determining the size of the fibers. When the concentration or viscosity of the 

electrospinning polymer solution was lower than a certain limit, drops were formed. As 

the concentration of the solution increased, the drops slowly gave rise to nanofibers. With 

further increase in concentration of spinning solution, the diameter of the fibers also 

increased, to finally produce larger (µm to cm size) fibers. Thus, the concentration of the 

PMCM solution (PMCM/DMF) was found to have a significant influence on the final 

size distribution of the fibers. It was noted that PMCM/DMF solutions with concentration 

below 3 wt% produced only droplets. This was due to the lack of polymer entanglement 
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and evaporation of DMF during electrospining, causing the deposition of drops on the 

collecting plate rather than fibers.  At concentrations between 3 to 5 wt%, a combination 

of fibers and droplets were produced. With further increase in concentration from 5 to 20 

wt%, pure fibers without any beads or droplets were formed. Figure 3-3 represents the 

morphology and diameter of the fibers formed using several concentrations of 

PMCM/DMF spinning solution (4 to 20 wt% solutions). For 21 to 23 wt% solutions, 

extremely thick fibers were obtained. The fibers did not easily break off from the tip of 

the pipette, causing the fibers to oscillate in the electric field, and when they gained 

enough mass, they dropped on to the collecting plate. Electrospinning for solutions higher 

than 23% did not give any fibers as the viscosity was extremely high. It became 

increasingly difficult for the solution to flow and reach the tip of the pipette. The 

distribution of fiber diameters at 6, 12, and 20 wt% concentrations (PMCM/DMF) are 

shown in Figure 3-4. It was observed that the concentration of the PMCM copolymer 

solution is directly proportional to the diameter of the fibers. 6 wt% solutions produced 

fibers with diameters as small as 32 nm with no bead formation, and 20 wt% solutions 

produced fibers as large as 2.3 µm. 

3.5.2.3 Effect of Voltage and Spinning Distance on PMCM Copolymer Fibers 

The charge transport between the tip of the pipette containing the spinning 

solution to that of the grounded copper plate is carried out by the flow of polymer fibers. 

Thus, an increase in the electrospinning current reflects an increase in the mass flow rate 

from the capillary tube to the collector. An actual initiation of the PMCM/DMF solution 

jet took place at about 5 kV. As the voltage was increased from 5 kV to 20 kV, the flow 

rate of the spinning solution in the pipette also increased. The morphology and diameter 
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of the fibers did not vary significantly with the voltage. Only a small increase in diameter 

of the nanofibers was noticed upon increasing 5 to 20 kV. At voltages above 20 kV, there 

was no further change in the diameter of the fibers. Figure 3-5 further explains the effect 

of electrospinning voltage and concentration of spinning solution on the average diameter 

of the fibers. It was noted that the concentration of the polymer solution apparently has 

more effect on the diameter of the fibers than the electric field. When the distance 

between the tip of the pipette and the grounded metal plate was below 5 cm, wet and 

beaded fibers were formed. Increasing the distance to 20 cm produced uniform and 

smooth fibers. Thus optimum properties, such as voltage, type of solvent, and 

concentration, were studied to obtain smooth, uniform and small diameter fibers. 

3.5.3 Optimization of Properties for Electrospinning Uniform PMCM-SiO2 Fibers 

3.5.3.1. Effect of Solvent on PMCM-SiO2 Fibers 

As stated in the experimental section, PMCM-SiO2 fibers were electrospun by 

mixing a PMCM polymer solution (either PMCM/DMF or PMCM/THF) with 

hydrolyzed TEOS sol in a 9:1 (or 8:1) ratio, respectively. All these reactions are 

performed at room temperature and at low-viscosity to facilitate good miscibility and 

uniformity between the organic components and the hydrolyzed sol. In order to prevent 

phase separation of organic (PMCM) and inorganic components (SiO2) from occurring, 

however the components should interact mechanically and chemically at the molecular 

level. In the PMCM-SiO2 polymer fiber formation, covalent bonding between the silanol 

groups of the hydrolyzed TEOS with those present in the polymer chains of PMCM 

copolymer (Si-O-Si bond) is seen to occur, as seen in Scheme 3-2.  
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Dimethylformamide (DMF) 

The common chemical interaction that occur between the organic and inorganic 

components include hydrogen bonding43,44 and aromatic and ionic interaction.45 Recently, 

Ogoshi et al.46 reported the use of amphiphilic solvents, such as DMF, as compatibilizer 

that forms hydrogen bonds between the amide group of the DMF solvent and that of the 

silanol moieties of the hydrolyzed TEOS.  

DMF was first used to dissolve PMCM polymer and then hydrolyzed TEOS sol 

was mixed into it. All the basic parameters, such as the distance between the tip of the 

pipette to the collector and the voltage, were kept constant at 20 cm and 20 kV, 

respectively. The fibers spun using DMF were thick and had a very broad size 

distribution. The reason for this was the presence of water in the added hydrolyzed TEOS 

sol, which could not evaporate completely during spinning of the fibers and hence, 

caused the deposition of wet and thick fibers. Another reason could be the rapid 

formation of covalent bonds induced by DMF causing the spinning solution to thicken, 

which made it difficult for the hybrid solution to maintain a continuous drop at the tip of 

the pipette, and eventually the hybrid solution turned into a gel. 

Tetrahydrofuran (THF) 

The synthesis of PMCM-SiO2 hybrid fibers using THF as a solvent produced 

smaller diameter fibers compared to the DMF solvent. The formation of covalent bonds 

between the silanol groups of PMCM polymer and the hydrolyzed TEOS was relatively 

slow, which prevented the thickening of the spinning solution and hence, caused easy 

formation of fibers. The basic parameters, such as spinning distance and voltage, were 
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kept constant. Two different ratios of PMCM solution : hydrolyzed TEOS (9:1 and 8:2) 

were prepared as previously stated in the experimental section 3.2.5. The hybrid solutions 

of PMCM-SiO2 thus prepared were spun at different time points as seen in Figure 3-6. 

The (9:1 and 8:2) hybrid fibers were fabricated in 3 sets each, at 24-hour intervals of each 

run until the solution finally condensed completely to form a gel. Figure 3-6 shows 

micrograms of hybrid fibers spun using DMF and THF (9:1 and 8:2 ratio hybrid fibers at 

24 hour intervals). 

3.5.3.2 Effect of Hydrolyzed TEOS and Spinning Time Interval on PMCM-SiO2 

Fibers 

With increase in prehydrolyzed TEOS solution and spinning time interval, the 

water content and covalent bonding (between the silanol groups of PMCM polymer and 

the hydrolyzed TEOS) in the spinning solution was also seen to increase. This caused the 

spinning solution to become viscous and, caused the production of large diameter fibers 

(Figure 3-6). 

3.6 Characterization of PMCM and PMCM-SiO2 Fibers 

3.6.1 Fourier Transform Infrared Spectra (FT-IR) 

Figure 3-7 represents the infrared spectra for polymethylmethacrylate (PMMA), 

PMCM copolymer, SiO2 and PMCM-SiO2 hybrid fibers (9:1 and 8:2 (PMCM: 

Hydrolyzed TEOS)). PMCM copolymer and PMCM-SiO2 hybrid fibers showed distinct 

infrared adsorption peaks for the PMMA functional groups and silica structure. The IR 

peaks were well resolved, and can be used to investigate the development of material 

structure with increase in silica content. Figure 3-7 shows the spectrum for pure PMMA 

fiber. The (C=O) functional group for PMMA fiber is represented by the distinct peak at 
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1740 cm-1. The pure SiO2 fiber spectra (Figure 3-7) shows characteristic peaks at 795, 

950 and 1081 cm-1 that are all assigned to (Si-O) vibrations. Some broad peaks around 

2800-3000 cm-1 and 1400-1800 cm-1 are also seen for (–OCH2CH3, CH3 and CH2), which 

represents the unhydrolyzed TEOS structure. The broad band seen around 3390 cm-1 is a 

result from the intra- and intermolecular hydrogen bonds of the silanol groups. Figure 3-7 

represents the spectrum for the PMCM copolymer, in which peaks at around 1730 cm-1 

for (C=O), 1458-1450 cm-1 for (CH2-bending), 1088 cm-1 for (Si-O-C bending) and 486 

cm-1 for (Si-O-C antisymmetric band) are noticed.38,39  

Figure 3-7 also shows the spectra for 9:1 and 8:2 PMCM-SiO2 fibers respectively. 

Absorption peaks for (Si-O-Si) asymmetric stretching at 1081 cm-1 can be seen more 

clearly in 8:2 hybrid fibers compared to that of 9:1 hybrid fibers. This peak is caused by 

the asymmetric stretching of the (Si-O-Si) bonds in the sol-gel process of hydrolyzed 

TEOS and is due to the covalent bond formation between the organic polymer and the 

inorganic precursor. The absorption peak of (Si-OH) at 948 cm-1 represents the 

hydrolyzed TEOS groups that sometimes escape condensation. (C=O) peaks which 

comes from the MMA and MSMA units of the PMCM copolymer are also seen in 9:1 

hybrid fiber (Figure 3-7). A clear shift in dominancy from PMCM peaks to silica peaks is 

seen going from 9:1 to 8:2 PMCM-SiO2 fibers (Figure 3-7).  

To further, prove that the PMCM polymer and hydrolyzed TEOS are covalently 

bonded to each other in the PMCM-SiO2 fibers (rather than by hydrogen or ionic 

bonding), solvent extraction of PMCM-SiO2 fibers in THF was conducted. Huang et al.47 

showed that, during solvent extraction, the weak hydrogen or ionic bonds between 

polymer and silica tend to dissolve the polymer completely, leaving behind silica 
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particles. If the bonding is strong (covalent bonding) and the interaction of PMCM and 

silica is at the nanoscale level, no polymer is dissolved during extraction. In case of 9:1 

PMCM-SiO2 hybrid fibers, 90 wt% of the sample remained unchanged after extraction in 

THF for 2 days, suggesting nanoscale interaction of PMCM copolymer with the silica 

groups. 

3.6.2 Thermal Analysis of PMCM and PMCM-SiO2 Hybrid Fibers 

3.6.2.1 Differential Thermogravimetric Analysis (TGA) 

Figure 3-8 represents results of the differential thermogravimetric analysis (TGA) 

of neat SiO2, neat PMMA, PMCM copolymer and PMCM-SiO2 hybrid fibers in air. The 

degradation temperatures for the samples are all slightly lower than the literature values, 

as the samples for this experiment were characterized as synthesized and none was 

tempered by heat treatment. The hybrid fibers are further categorized depending on the 

silica content present in the fibers. The deconvoluted derivative thermogravimetric 

(DTG) curves of the fibers have been shown in the Figure 3-8 inset. Furthermore, 

degradation temperatures, experimental and calculated residue values (which represent 

the final silica content of the fibers after complete burning of the polymer present in the 

fibers) were tabulated in Table 3-4. There is a slight discrepancy noticed between the 

calculated and experimental values obtained for the silica residue in all the fibers, which 

could be explained via the TGA curves of the pure silica fibers represented by curves 

(Figure 3-8e) and (Figure 3-8f) of Figure 3-8. They represent the curves that were 

obtained for as-spun pure silica fibers and heat-treated silica nanofibers (150 oC for 2 

hours). Curve (Figure 3-8e), shows a slight degradation compared to curve (Figure 3-8f), 

which is caused due to the self-condensation reaction of the silanol groups. Curve (Figure 
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3-8f), does not show any such degradation, as all the silanol groups are degraded in the 

heat treatment procedure conducted before the actual TGA experiment. 

A single degradation stage curve was formed for pure PMMA fibers at around 

288 oC (Figure 3-8a). No significant change in the thermal behavior was noticed among 

the pure PMMA and PMCM copolymer fibers. Increase in degradation temperature of the 

hybrid fibers from 310 oC in PMCM fibers to 371 oC in PMCM-SiO2 fibers (8:1) is 

noticed (Table 3-4). This increase in thermal stability of the fibers with increase in silica 

content can be attributed to the greater increase in the cross linking between the PMCM 

chains, via the hydrolysis and condensation of the hydrolyzed TEOS precursor.48-50 

3.6.2.2 Differential Scanning Calorimeter (DSC) 

All the fibers starting from neat PMMA to PMCM-SiO2 hybrids were analyzed as 

shown in Figure 3-9 by DSC to determine the glass transition temperature (Tg is the 

temperature when the mechanical properties of a material changes from rubber (elastic) 

to that of glass (brittle)). From the established concepts in the field of nanocomposites by 

Huang et al.47 it is proposed that as the content of the filler (silica) in the sample (PMCM 

and PMCM-SiO2) increases, the Tg peak becomes broader and also shifts to a higher 

value. The Cp (heat capacity) also has been noticed to decrease with increase in the filler 

content. Huang, et al. 47 also observed the broadening and eventually the disappearance of 

Tg as the content of SiO2 was increased.  

           The DSC curves for the PMCM-SiO2 fibers also showed similar trends. Pure SiO2 

fibers as seen in Figure 3-9 did not show any Tg, nor any endothermic curve. This was 

due to extremely high decomposition temperatures of SiO2 (>1000 oC), due to the ridged 

Si-O-Si bonds. On the other hand, PMMA and PMCM fibers showed a single Tg at 
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around 124 oC and 104 oC, respectively (Figure 3-9). Considerable broadening                               

of the curves, due to the increase in the content of silica was observed in going from 

PMMA all the way to SiO2 fibers (Figure 3-9). Comparison of the DSC results in (9:1) 

and (8:2) PMCM-SiO2 fibers produced interesting results. (8:2) PMCM-SiO2 fibers 

produced two Tg’s, at 108 oC and 245 oC, compared to the single Tg at 106 oC observed in 

(9:1) PMCM-SiO2 fibers. The increase and broadening of the first Tg temperature curve 

from 106 oC in (9:1) PMCM-SiO2 fibers to 108 oC in (8:2) PMCM-SiO2 fibers was due to 

the increased content of inorganic precursor (silica). The presence of two Tg in the (8:2) 

PMCM-SiO2 fibers could be due to phase separation between the polymer and the 

inorganic content of the fibers, which was previously observed by Huang et al.47 in the 

hybrid samples with higher silica content. It can thus be concluded that, with the increase 

in content of silica in the hybrid fibers, the onset of Tg, broadening of the Tg curves and 

the chance of phase separation, increses.48-50 

3.7 Conclusion 

Fiber mats of hybrid composites containing different silica content were 

fabricated via the combination of sol-gel and electrospinning methods. The processing 

parameters on the morphology of the PMCM and the PMCM-SiO2 fibers have been 

explored. A strong influence of the solvent, concentration and silica content on the 

electrospinning of fibers was noticed. The applied voltage and the spinning distance also 

influenced the diameter and morphology of the fibers to some extent. After the 

parameters for the fabrication of the fibers were set, the chemical and thermal properties 

of the hybrid fibers were analyzed. The rapid formation of covalent bonds between the 

polymer and the silica content in the PMCM-SiO2 fibers prevents phase separation from 
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occurring. The thermal analysis of the fibers using TGA and DSC further proved the 

absence of phase separation and the presence of covalent bonds between the organic-

inorganic components in the fibers. The PMCM-SiO2 fiber mats showed better thermal 

stability compared to PMCM fibers. This is because the PMCM-SiO2 fiber mats not only 

contain properties of polymer fibers (such as flexibility and elasticity), but also contain 

inorganic properties (resistance to strong chemicals and thermal stability) contributed by 

the silica content of the fibers. The hybrid fiber mats thus produced could then be utilized 

as fillers, to increase the mechanical properties of products such as dental materials, 

ballistic materials and protective surface coatings. 
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Table 3-1. Synthesis of poly[methyl methacrylate]-co-3-(tri-methoxysilyl)propyl 
methacrylate-silica (PMCM-SiO2) hybrid. 
 

 

 

 

 

 

 

 

 

 

A represents10 wt% PMCM/THF solution; B represents 10 wt% PMCM/DMF solution 
and C represents the hydrolyzed TEOS solution. 
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9:1 

wt ratio 

8:2 

wt ratio 

A A:C A:C 

B B:C B:C 
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Table 3-2. Solvents employed for electrospining PMCM copolymer fibers. (Includes 
concentration of electrospinning solution and average diameter of the nanofibers). 
 

 

solvent concentration  
wt% 

diameter of fibers  
Nm 

6.0 1000 CHCl3 12.0 4000 
6.0 800 THF 12.0 4000 
6.0 32-75 
12.0 50-470 DMF 
20.0 680-2300 
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Table 3-3. The composition of PMCM-SiO2 electrospinning solution using THF as the 
solvent and average size of fibers spun at different intervals of time.  
 

 
 
 

 
 
 
 
 
A represents 10 wt% of PMCM solution in THF, C represents prehydrolyzed TEOS sol. 
aElectrospining solution (PMCM solution : hydrolyzed TEOS sol) spun immediately after 
mixing. bElectrospining solution (PMCM solution : hydrolyzed TEOS sol) spun 24 hours 
after mixing. cElectrospining solution (PMCM solution : hydrolyzed TEOS sol) spun 48 
hours after mixing. 
 

 

 

 

 

 

 

 

 

 
average diameter of fibers  

nm 
 

A / C  
(v/v) 

 set 1a 
immediately 

set 2b 
after 24 hour 

set 3c 
after 48 hour 

9:1 310 497 1421 

8:2 426 1016 1566 
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Table 3-4. Thermal characteristics of electrospun nanofibers. 

 

 

 

 

aElectrospun nanofibers that were subjected to heat treatment from 25 to 600 oC at the 
rate of 20 oC/min in air. bas-spun silica nanofibers. cElectrospun silica nanofibers heated 
to 150 oC for 2 hours before TGA analysis. dGlass transition temperature of nanofibers. 
eDegradation temperature of electrospun nanofibers determined using TGA.  
 f Theoretical wt% of silica content present in the electrospun nanofibers. gExperimental 
wt% of silica content present in electrospun nanofibers determined using TGA.  
 

 

 

 

 

 

 

sample IDa (Tg)d 
 

degradation 
temperature 
(Max peak)e 

SiO2 (wt%)f 
calculated 

SiO2 (wt%)g 
experimental 

PMMA 124 288 0 0 

PMCM 104 311 4 3.5 

PMCM-SiO2 (9:1) 110 366 25 24 

PMCM-SiO2 (8:2) 115 371 36 32 

Pure SiO2 (untreated)b ----- ----- 100 91 

Pure SiO2 (heat-treated)c 
 ----- ----- 100 100 
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      1a      1b 

 

Figure 3-1. Scanning electron micrographs of fibers spun using PMCM copolymer 
solution using CHCl3 as the solvent with fiber diameter ranging from 1µm to 4 µm. 
(1a) 6 wt% solution and (1b) 12 wt% solution. Scale bar 1 µm. 
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                                 2a                                                   2b 

 

Figure 3-2. Scanning electron micrographs of fibers spun using PMCM copolymer 
solution using THF as the solvent with fiber diameter ranging from 0.8 µm to 4 µm  
(2a) 6 wt% solution and (2b) 12 wt% solution. Scale bar: 10 µm. 
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Figure 3-3. Scanning electron micrographs of fibers spun using PMCM copolymer 
solution using DMF as the solvent at different concentrations from 2 to 20 wt%, with an 
electric field of 20 kV and a constant spinning distance of 20 cm. 
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Figure 3-4. The size distribution of PMCM copolymer fiber diameter, with DMF as 
solvent using 6, 12, 20 wt% solutions, with a constant electrical field of 20 kV and a 
spinning distance of 20 cm. 
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Figure 3-5. Comparison of varying PMCM/DMF fiber diameters with respect to electric 
field and concentration of spinning solution; (5a) spinning distance of 20 cm, 
concentration of 6 wt% and electric field ranging from 5 to 20 kV; (5b) Spinning distance 
of 20 cm, concentration of 4 to 20 wt% and electric field of 20 kV. 
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Figure 3-6. Micrograms of PMCM-SiO2 fibers spun using DMF and THF as solvents. A 
mixture of 10 wt% PMCM/DMF solution (or PMCM/THF) and hydrolyzed TEOS sol in 
a (9:1) and (8:2) ratio was used as the spinning solution. The average diameter of the 
fibers is also noted. 
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Figure 3-7. Infrared spectra of fibers: (a) neat PMMA; (b) PMCM; (c) PMCM-SiO2 (9:1); 
(d) PMCM-SiO2 (8:2); (e) Pure SiO2. 
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Figure 3-8.  TGA and DTG thermograms of fibers; (a) PMMA ; (b) PMCM; (c) PMCM-
SiO2 (9:1); (d) PMCM-SiO2 (8:2); (e) Pure SiO2 (as spun) and (f) Pure SiO2 (heat-treated 
to 150 oC for 2 hours before TGA analysis). 
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Figure 3-9. DSC thermogram curves of fibers; (a) neat PMMA; (b) PMCM; (c) PMCM-
SiO2 (9:1); (d) PMCM-SiO2 (8:2); and (e) Pure SiO2. The glass transition of the fibers 
(Tg) is denoted by arrows. 
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Chapter 4: Use of Organic-Inorganic Hybrid Copolymer Nanofibers for Dental 
Filler Applications 

 

4.1 Introduction 

In this section, general background on dental restoration materials, their use and 

advancement will be described. A comparison of available dental materials for dental 

restorative applications is made. The results on utilizing various types of dental 

composites as dental restoration materials are reviewed. The key features of an ideal 

dental restoration material are analyzed and a method to obtain good dental composites 

using electrospun hybrid fibers as filler is researched.  

4.1.1 General Background on Dental Composites 

One of the most common and expensive health problems faced by humankind is 

the deterioration of dentition caused by accidents or infections (teeth cavities). Use of 

dental amalgam as dental fillers has been one of the important breakthroughs, which has 

remained unchanged for the past 160 years.1,2 Even with research directed towards 

replacing dental amalgam with better materials, it remains a popular material for use in 

posterior teeth repairs. Unfortunately, amalgam fillers had their share of disadvantages, 

such as corrosive and high thermal conductivety,2 dark metallic gray appearance, which 

was not esthetically pleasing, and higher teeth sensitivity to galvanic currents and 

temperature increase caused by mechanical friction during food grinding. Due to these 

disadvantages, better and safer alternatives had to be researched. 

Thus, replacements, including dental silicates and porcelain,3 were introduced 

with limited success due to lack of stiffness, edge strength, erosion in the mouth and 

irritation of pulpal tissues surrounding teeth.2-4 Dental composites were then introduced 



 

 

108

as replacements for amalgams about 40 years ago.5,6 A dental composite is usually made 

up of the polymer resin matrix, pure inorganic reinforced fillers and interfacial coupling 

agents. Methacrylate resin matrix containing silanized glass and ceramics are some 

common examples.7-9 These materials presented opportunities never before equaled in 

modern dentistry, and have been widely accepted by the professionals to replace 

traditional ‘dental amalgams’, alleviating both safety and cosmetic concerns. Some 

advantages of dental composites are their aesthetics, elimination of galvanic currents, 

thermal conductivity, tensile strength and toughness.4,8 The resin matrix is usually cured 

(hardened) by photoinitiated free radical polymerization. The monomer 2, 2-bis-[4-

(methacryloxypropoxy)-phenyl]-propane (BISGMA) is one of the most commonly used 

base monomers, which was introduced by Bowen in 1962.5 BISGMA is a very viscous, 

honey-like liquid and its advantages include reduced coefficiency of thermal expansion, 

increased hardness and wear resistance. To improve the handling qualities, a low 

viscosity diluent monomer, such as tri (ethylene glycol) dimethacrylate (TEGDMA), is 

added to thin the resin.6 In the BISGMA/TEGDMA system, BISGMA functions to limit 

polymerization shrinkage and enhance resin reactivity, while TEGDMA provides for 

increased methacrylate double bond conversions.10,11 Only one drawback of using a 

diluent is that it causes decrease in strength and adsorption of water in the final cured 

material.12-14 Introducing fillers into resins further reduces volume shrinkage, increases 

the mechanical properties of composite materials depending on volume fraction, size and 

shape of fillers,15causing a further increase in elastic modulus, hardness and compressive 

yield strength of the final dental composite.16  
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4.1.2 Advantage and Disadvantage of Filler Materials 

Different types of filler materials have been tested. Some of the most common 

fillers that have been used are silicates, glasses and glass-ceramics. The diverse shapes 

and size of the fillers used vary from spherical nanoparticles, irregularly shaped particles, 

fibers, whiskers, etc.6,9,15,17 Spherically fused silica was used by Bowen et al. due to its 

similar refractive index with resin.18-20 Gander et al.21 introduced quartz particles and 

Rossi et al.22 further improved the quality by using finer grain sizes to obtain better 

finish. Boyd23 and Dietz et al.24 recommended low-thermal-expansion fillers. 

Investigations of the composite materials carried out over longer periods, however, were 

considerably less successful. Specifically, after 12–18 months of service, the degree of 

wear or loss of anatomical form was shown to be extensive.25-27 Further investigations 

into reasons for failure revealed that, among other reasons, the inorganic filler particle 

was a major contributor.28,29 Ironically, the inorganic filler, which had been added to the 

resin to fortify the material, was actually responsible, at least in part, for its demise. 

During function, masticatory stresses were transmitted through the bolus of food and onto 

the surface of the particles projecting from the dental material surface. Since the particles 

were considerably harder than the resin matrix in which they were embedded, much of 

the stress was transmitted through the particle and into the resin itself. Wherever the 

submerged portion of the particle was angulated or irregular in shape, the stress 

concentrations became excessively high. Such a condition tended to generate small 

cracks around the particle, thereby weakening the matrix locally. 

Around 1999, Xu et al. were among a few scientists who tried using short silica 

whiskers and other inorganic fibers as fillers. They showed that fibers contribute in a 
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much better way to the mechanical properties of the dental composites compared to 

particles, due to the ease with which fibers propagated the stress induced on the 

composite along the fiber length, rather than transferring it to the matrix and thus 

avoiding fractures. 9,20,30,31 Apart from avoiding fractures in the matrix, the nanofibers are 

also flexible and have high surface area, which means better attachment to the resin. The 

network of fibers can also physically bind well with the matrix and hence, will not slide 

out of the composite matrix, as do particles. The sol-gel silica fibers containing silanol 

groups on the surface of the fibers have also proven to have better interaction with the 

resin.32,33 Krause et al.34 reported the use of silane-treated glass fibers to reinforce 

BISGMA/TEGDMA resin, which caused 50% increase in tensile and compressive 

strengths compared to using particles.  

Extensive research is being done in our lab to develop new types of dental 

materials.35-38 Research is also being conducted to study the thermal stability, density, 

and hardness of polymethacrylate-inorganic oxide hybrid materials (PMCM-SiO2) by 

investigating the relationship of polymer molecular weight, organic-inorganic 

composition and the thermal history of these materials in relation to utilizing the 

materials for dental applications.33,39-42 Increasing the silica content of the polymer hybrid 

increases the hardness and density of the material. From the extensive research done in 

our group on these new hybrid polymer materials, it is clear that these materials have the 

properties of both organic polymers and inorganic materials and have a good potential in 

dental applications. Recently, Fong et al.31 presented some work on using electrospun 

nylon fibers as filler with very promising results. In chapter 3, detailed research on 

electrospinning PMCM-SiO2 fibers and studies of the various properties that affect the 
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morphology and diameter of the fibers were explained. Electrospinning is a very simple 

technique used to fabricate polymer nanofibers. Various organic and inorganic polymer 

materials have been used to spin fibers.43-46 In this chapter, electrospun PMCM-SiO2 

fibers containing 25 wt% silica were added into BISGMA/TEGDMA resin, which was 

photocured into the final composite material. The fracture strength and elastic modulus of 

the fiber-filled composite materials and pure BISGMA/TEGDMA control samples (no 

fibers) were then analyzed. 

4.2 Experimental Section 

4.2.1 Materials and Reagents 

PMCM-SiO2 nanofibers were synthesized as explained in chapter 3. Methyl 

methacrylate (MMA), 3-(trimethoxysilyl)propyl  methacrylate (MSMA), tetraethyl 

orthosilicate (TEOS), sodium hydroxide (NaOH), benzoyl peroxide (BPO), anhydrous 

benzene and hexane were all purchased from Sigma-Aldrich Chemical Co. (Milwaukee, 

WI). BISGMA and TEGDMA monomers (Scheme 4-1) that form the composite matrix, 

camphorquinone (CQ) and co-initiator ethyl-4 (N,N0-dimethylamino) benzoate 

(4EDMAB), which initiates photopolymerization (Scheme 4-1), were all purchased from 

Aldrich Chemical Co. All materials were used as received without further purification. A 

2 mm x 2 mm roll of urethane foam tape and a 10 cm x 10 cm square Teflon® sheet, with 

a thickness of 0.5 cm, were purchased from 3M (Minnesota, USA) for the construction of 

a mold to produce the final dental composite test sample. 

   



 

 

112

H3C

CH2

O

O

OH

O

CH3

CH3

O

OH

O

O

CH2

CH3

BisGMA
 

H3C

CH2

O

O
O

O
O

O

CH2

CH3

TEGDMA  

H3C
CH3

CH3

OCQ

O

              

N

H3C

H3C

O

O

4EDMAB

CH3

 

  

Scheme 4-1. Molecular structures of dental monomers and initiators. 

4.2.2 Electrospinning of PMCM-SiO2 Nanofibers 

Trimethoxysilyl functionalized polymethacrylate copolymer (PMCM) is the 

starting material for the synthesis of PMCM-SiO2 hybrid fibers. A detailed procedure on 

synthesizing PMCM copolymer, preparing the PMCM-SiO2 spinning solution and 

formation of PMCM-SiO2 nanofiber mats is explained under the experimental section of 

chapter 3. In short a 10 wt% of PMCM copolymer solution prepared using THF as the 

solvent was mixed with a hydrolyzed TEOS solution in an 8:2 weight ratio. The solution 

thus prepared was then used to electrospin PMCM-SiO2 fibers. A grounded copper plate 

covered with aluminum foil placed at a distance of 20 cm from the tip of the pipette acted 

as a source for the deposition of fibers.46,47 The nonwoven fabric thus formed had 25 wt% 
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silica content with respect to the final weight of the fiber. The collected nonwoven fiber 

mat was then peeled off from the aluminum foil. The fabric thus collected was about 15 

cm wide and 20 cm long, with a compressed thickness of about 30 µm.  

4.2.3 Experimental Composite Preparation 

The peeled electrospun fabric was heat-treated at 100 oC in a vacuum oven for 5 

hours, to remove any remaining solvent or moisture and to drive the sol-gel reactions to 

completion. 6 cm x 6 cm square fiber mats were then cut from the fabric sheets. The final 

dental composite material containing the PMCM-SiO2 fiber mats was prepared in a mold 

(Figure 4-1), which was constructed on top of a 0.5cm thick Teflon® sheet, placed on a 

calibrated and leveled table. 2mm thick urethane foam tape formed the boarder of the 6 

cm x 6 cm x 2 mm mold (Figure 4-1).  

A dental resin monomer mixture of BISGMA/TEGDMA in 50/50 mass fraction 

was mixed together in a beaker. This solution was activated with the photo initiator CQ at 

mass fraction of 0.2% and the co-initiator 4EDMAB at a mass fraction of 0.8%. 

Ultrasonic vibration (2510 Branson, USA) was employed to mix the light curable resin 

and remove any trapped air bubbles. A certain amount of the resin mixture was then 

placed inside the mold (on top of the Teflon® sheet). Layers of heat-treated and weighed 

fiber mats were then immersed into the resin. Within an hour, the fibers soaked up some 

amount of resin and swelled, after which more resin was added into the mold and the 

entire mold was placed inside the ultrasonic bath to remove any entrapped air. A thin 

glass slide was then placed on top of the mold to obtain an airtight composite mixture.  

The resin fiber mixture was then polymerized using a light-curing gun, for five minutes. 

The cured composite was then removed from the mold and allowed to stand overnight at 
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room temperature. The composite material thus formed was polished very carefully with 

a 2400 grid silicon carbide paper in a longitudinal direction. After which 2 mm x 2 mm x 

25 mm size samples were cut using a diamond blade saw and polished one last time to 

obtain dental composite test samples (Figure 4-2). The mass fraction of each layer of 

nanofiber was approximately 0.5% with respect to the weight of the test sample. 

4.2.4 Three-Point Bending Test  

Figure 4-3 represents a schematic drawing of a three-point bending test material, 

which was tested for flexural strength (FS) and elastic modulus (Ey). It should be noted 

that, in the preparation of the 3-point bending specimen, one layer of fabric contributed 

approximately to 0.5% (mass fraction) of hybrid fibers, with respect to the composite 

resin.  The final dimensions of the specimens were measured again and recorded. The 

specimens were fractured in a three-point bending jig with a 25-mm span on a computer-

controlled Universal Testing Machine (model 8872, Instron Corp., Canton, MA) at a 

cross-head speed of 0.5 mm/min to record stress-strain curves. Calculations were made 

using the following equations31: 

FS = 3P1L/2WT1
2 

Ey = (P1/d)(L3/4WT1
3) 

Scheme 4-2. Equations used to determine the fracture strength and elastic modulus of 

dental composite material. 

Where P1 is the load at fracture, L is the distance between two supports (which was set to 

be 20 mm), W is the width of the specimen, T1 is the thickness of the specimen, and d is 

the deflection, in millimeters, at load P1. 
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4.3 Instrumentation 

A Universal Testing Machine was used to conduct the three-point bend test to 

evaluate the FS and Ey of the samples. The samples were loaded on the instrument and a 

crosshead speed of 0.5 mm/min was used. The distance between the support beams of the 

three-point test jig was 20 mm.  A field emission environmental scanning electron 

microscope (Phillips XL-30, ESEM) was used to study the selected fracture surfaces of 

the 3-point bending specimens for fracture origins (e.g., air bubbles, nanofiber 

agglomerates) and crack-fiber interactions (e.g., fracture of nanofiber, nanofiber pullout). 

Prior to SEM observations, the samples were sputter coated with a monolayer of platinum 

to allow for better electrical conduction and better resolution. 

4.4 Results and Discussion 

Table 4-1 gives a detailed description of the sample types that were analyzed 

using the three-point bending test. Three sets of (ten samples in each set) composite 

samples, containing one, five and eight layers of PMCM-SiO2 fibers were prepared. A 

blank control composite material without fibers was also prepared for comparison. 

4.4.1 Observation of Fractured Composite Material Surface using ESEM 

Figure 4-4 shows the SEM image of a PMCM-SiO2 fiber sample. The average 

diameter of the fibers ranged from 300 to 400 nm. After the electrospun nanofibers were 

heat-treated, immersed and completely soaked in the mixture of activated 

BISGMA/TEGDMA monomers, the fabric swelled up. This process converted the 

PMCM-SiO2 nanofibers from the dry and dense nonwoven fabric to the scaffold-like, 

completely soaked framework. After the photopolymerization, the resin completely 

covered the fibers and interpenetrated it completely. The nanofibers inside the composites 
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were randomly distributed with no clear alignment. The embedded nanofibers tended to 

break instead of pull/out during the 3-point bending test, suggesting good bonding 

between the nanofibers and BISGMA/TEGDMA matrix (Figure 4-5). Thus, it can be 

assumed that the interface between the matrix and the fibers was very strong and there 

were no empty spaces between the surface of the fibers and the composite material. The 

fracture surface of the composite material was devoid of any holes, which further proved 

that there was no pull out of fibers from the composite at breaking point. The fibers were 

seen to break close to the surface, which implied that the fibers absorbed the stress during 

breaking, and hence, contributed in reinforcing the composite material. Figures 4-6a and 

4-6b are used to study and compare the morphology of the fractured surface of the 

composite materials containing fibers with that of the neat resin. The direction of the 

crack propagation during the 3-point bending test was approximately from top to bottom 

in each micrograph. The fracture surface of the nanofiber-reinforced composite resin 

(Figure 4-6a) was very rough, while the fracture surface of the neat resin (Figure 4-6b) 

was much smoother. Meanwhile, the neat resin sample had relatively large fracture steps, 

indicating little resistance to the applied force. The nanofibers deflected the crack during 

force application, and when the crack finally broke away from the nanofibers, numerous 

fracture lines and steps were created in the fracture surface, suggesting energy 

consumption during breaking. 

4.4.2 Effect of Fiber Mats on Composite Material 

Each layer of fabric contributed to 0.5% (mass fraction) of PMCM-SiO2 

nanofibers in the composite resin. Thus, one, five and eight layers of fabrics represented 

the mass fractions of 0.5, 2.5 and 4 wt% of nanofibers, with respect to composite resin, 
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respectively. Figures 4-7a and 4-7b compare the FS and Ey of zero, one, five and eight 

layer fibers containing composite materials obtained by taking the mean value of ten 

measurements, with the error bar showing a standard deviation. From Figure 4-7, it is 

clear that with increase in amounts of PMCM-SiO2 fibers in the composite, the FS and Ey 

modulus of the materials also increase. The FS and Ey of the neat resin (mean ± standard 

deviation) were 110 ± 9 and 2200 ± 70 MPa, respectively. For one-layer fiber 

composites, which represent 0.5 wt% nanofiber filler composites, the FS and Ey increased 

only very slightly to 140 ± 10 and 2250 ± 50 MPa, respectively. When the mass fraction 

of fibers increased to 2.5% (5 layers of fibers), the FS and Ey increased further to 200 ± 

20 and 2600 ± 70 MPa, respectively. Finally, when the mass fraction of the fibers 

increased to 4.0%, the FS and Ey increased to 280 ± 10 and 2800 ± 150 MPa, 

respectively. From neat resin to one layer (0.5%) fiber composite material, FS improved 

by 25%, but Ey did not improve at all. Increasing the mass fraction of fibers in the 

composite sample to 2.5 wt%, the FS and Ey were seen to increase by 63 and 18%, 

respectively. Finally with the addition of 4% of fibers (8 layers), the FS and Ey of the 

composite improved by 70% and 27% in relation to neat resin (Figure 4-7). 

4.4.3 Evaluation of FS and Ey Values 

As seen in Figure 4-7b, the Ey of the samples were not as significantly improved 

as were the FS. Two reasons for this discrepancy can be suggested.  First, the mechanical 

properties of the PMCM-SiO2 nanofiber mats influenced the final properties of the 

composite materials. The presence of silica in the fibers causes the fibers to become more 

brittle, which might be the cause of low Ey. Further studies on varying the amount of 

silica content in the fibers, and analyzing the effect of silica on the final properties of the 
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composite material is needed. Another reason for this discrepancy could be the fact, that 

even thought there is good interpenetration of the composite material between the fiber 

mats, the composite material present between the layers (Figure 4-5) is still devoid of any 

fibers and hence, behaves as neat resin. Thus, the improvements of the mechanical 

properties of the composites might be limited at the interface between the nanofibers and 

the matrix.  

One suggested reason for the increase in the FS of the samples (Figure 4-7a), with 

increase in wt% of fibers are the strong bond between the nanofibers and the resin 

(Figure 4-4), which caused the nanofibers to break, rather than pull out of the sample and 

hence, increase the strength of the composite. Thus, the strength of the matrix could be 

potentially tailored with the toughness, by controlling the nanofiber/matrix interfacial 

strength. Finally, although in this study electrospun PMCM-SiO2 nanofibers were 

embedded in the BISGMA/TEGDMA resins in the form of layers of nonwoven fabric 

stripes, the actual dental application might require the fabric to be cut into much smaller 

pieces in order to mix well with the dental monomers, and to make an applicable dental 

paste. This would only enhance the properties of the composite material, due to strong 

interactions of the surface on the nanofibers with that of the resin. Nevertheless, since 

relatively small amounts (e.g., 4.0% mass fraction) of nanofibers could effectively 

increase the overall mechanical properties of the dental restorative composite resins, the 

PMCM-SiO2 nanofibers might have a bright future as reinforcing filler materials in the 

dental restorative composite applications. 
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4.5 Conclusion  

The main objective of this research was to study the reinforcement properties of 

electrospun PMCM-SiO2 fibers as filler material on BISGMA/TEGDMA dental 

restorative matrix. The ordinary textile fibers available in the market today are about one-

twelfth the size of the PMCM-SiO2 fibers. The small diameter of the PMCM-SiO2 

nanofibers provided a high ratio of surface area to volume, which enhanced the 

intermolecular bonding between the PMCM-SiO2 nanofiber and the matrix of 

BISGMA/TEGDMA resin, and further resulted in good interfacial properties of the 

composite resins. With increase in mass fraction of fibers in the composite material from 

0.5 to 4%, an increase in FS was noticed. A small increase in Ey was also noticed. Further 

methods, such as changing the silica content of the fibers, and varying the mass fraction 

of the fibers, modifying the surface morphology of the fibers, could further improve the 

properties of the dental restorative materials.   
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Table 4-1. Flexural strength and elastic modulus of PMCM-SiO2 fiber reinforced 
BISGMA/TEGDMA dental composites.  
  

 

FSc Ey
d PMCM-SiO2 

nanofiber mass 
fractiona 

number of PMCM-
SiO2 fiber layersb MPa MPa 

0% 0 110 ± 9 2200 ± 70 
0.5% 1 140 ± 10 2250 ± 50 
2.5% 5 200 ± 20 2600 ± 70 
4% 8 280 ± 10 2800 ± 150 

 

 

 

 

aMass fraction of PMCM-SiO2 nanofibers present in each three-point bending test sample 
(2 mm x 2 mm x 25 mm); beach layer of fiber present in the three-point bend test makes 
up for 0.5% mass fraction of the three point bending sample; caverage flexural strength 
value with standard deviation obtained by analyzing ten three-point bending samples and 
daverage elastic modulus value with standard deviation obtained by analyzing ten, three-
point bending samples.  
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Figure 4-1. A flat Teflon® sheet and 2 mm x 2 mm, black urethane tape are used to make 
a mold for fiber reinforced composites. 
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Figure 4-2. Photopolymerized BISGMA/TEGDMA resin dental composite (the gray 
area) containing one (could be five or eight) layers of fiber mats (represented by the 
white and black striped line). 2 mm x 2 mm x 25 mm-sized three-point bending samples 
are then cut and polished for studying the FS and Ey of the sample. 
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Figure 4-3. Schematic representation of the three-point bending test. The sample is placed 
between three points at specific distances as represented above. The white and black 
striped lines represent the fiber and the gray area represents the BISGMA/TEGDMA 
composite material. 
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Figure 4-4. PMCM-SiO2 nanofiber (300 to 400 nm diameter) mats electrospun using an 
electrospinning solution made up of 10 wt% PMCM/THF copolymer solution and 
hydrolyzed TEOS sol in a 8:2 mass ratio, respectively. Scale Bar: 5 µm. 
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Figure 4-5. Scanning electron micrographs of fractured surface of the three-point bending 
sample. The arrow represents the section of the sample containing the fiber material. The 
rest of the area is just BISGMA/TEGDMA resin devoid of fiber. Scale bar: 50 µm. The 
inset shows high-resolution micrograph of the fiber/composite, interpenetrated region. 
Scale bar: 10 µm. 
 



 

 

129

 

                                                             (6a) 

 

                     

(6b) 

 
 
 
 
Figure 4-6. Scanning electron micrographs of fracture surfaces of representative 3-point 
bending specimen: (a) composite resin with 5 layers of nanofiber fabrics (image taken at 
the place where the nanofibers were present). Scale bar: 5 µm. (b) Neat resin without 
nanofibers. Scale bar: 10 µm. 
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Figure 4-7a. Flexural strength of the composite resins containing different mass fraction 
(or layers) of PMCM-SiO2 nanofiber nonwoven fabrics. Each bar represents the value 
with standard deviation. 
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Figure 4-7b. Elastic modulus of the composite resins containing different mass fraction 
(or layers) of PMCM-SiO2 nanofiber nonwoven fabrics. Each bar represents the value 
with standard deviation. 
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Chapter 5: Electrospinning of Porous Silica Nanofibers Containing Silver and Gold 
Nanoparticles for Catalytic Application 

 

5.1 Introduction  

During the last decade, metal nanoparticles have found a niche in various fields of 

science, ranging from chemistry to physics, and biotechnology.1-4 Because of their 

optical,5-7 electrical8-10 and catalytic properties, 5,11-13 metal nanoparticles have been 

exploited for unique applications as sensors,14 optical switches,15 biological markers,16 

nanoelectronic devices17 and catalysts12 for many chemical and biological reactions. 

Among the important chemical reactions which, they demonstrate to have high catalytic 

activity are hydrogenation, hydroformylation, carbonylation, etc.18-21 Due to their 

tendency to aggregation, deactivation and poisoning, however, the metal nanoparticles 

have proven undesirable for large scale use.22 Thus, research efforts have been made to 

protect the particles by stabilizing them in colloidal solutions containing surfactants and 

by forming complexes with polymer ligands.23,24 Though the particles have been 

stabilized successfully using these techniques, the metal composites thus formed do not 

show good catalytic activity, due to the restricted access of these particles to external 

reagents.24 Therefore, to utilize metal nanoparticles for various catalytic applications in 

the most efficient way, it is necessary to explore novel techniques of metal particle 

stabilization.  

The nanoscale dispersion of metal nanoparticles in polymers,25,26 silicates27 and 

metal oxide28 substrates, on the other hand, have attracted great interest because of their 

stability, reusability and good catalytic properties.29-31 Various metals, such as gold, 

platinum, palladium, and silver,12,28 have been encapsulated using a variety of methods 
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including chemical vapor deposition12 and reduction of metal salts by thermal,6 

chemical32 or UV light1 treatment. The substrates used for metal particle encapsulations 

range from metal oxides28,33 to organically modified silicates27 polymers shaped as thin 

films,8,25 spheres,34,35 fibers,32,36 and dendrimers.26 For metal nanocomposites to perform 

as good catalysts, they should possess three important characteristics: 1) the substrate 

should have high surface area,11,33,37 2) the nanoparticles present inside the substrate 

should be easily accessible to various chemical reagents,37 and 3) the size and distribution 

of the nanoparticles inside the substrate should be uniform.28  

Electrospinning is a widely employed method in recent years to produce polymer 

nanofiber mats with high surface area,32,36,38-44 which could be used as metal supporting 

substrates for catalytic applications.32,44-48 Some of the obstacles that have to be 

overcome in order to utilize this technique for metal nanoparticle encapsulation and for 

catalytic applications include aggregation of nanoparticles, poisoning of surface 

stabilized particles and limited resistance of the polymer fibers to strong organic solvents 

and high temperature. 

To address the above-mentioned problems, we have developed a facile method 

that combines sol-gel processing with electrospinning to prepare porous silica nanofibers 

containing uniformly distributed silver nanoparticles (PSFSP). The unique features that 

make PSFSP an ideal candidate for catalytic applications include 1) high sensitivity and 

reactivity of porous silica nanofibers because of large surface area (average fiber 

diameter of 100 nm, fiber length of up to 10 cm and surface area of 600 m2 g-1), 2) 

resistance to high temperature and strong solvents making the catalytic fibers usable and 

reusable under harsh conditions, 3) easy control of size and density of metal nanoparticles 
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in the fibers, and 4) the freedom to encapsulate various kinds of nanoparticles, including 

gold, palladium, and quantum dots. 

Tetraethylorthosilicate (TEOS), trimethoxysilyl functionalized polymethacrylate 

copolymer (PMCM) and silver nitrate (AgNO3) are the main precursors used to 

synthesize porous silica nanofibers containing silver nanoparticles.  A viscous solution is 

prepared containing the above-mentioned precursors and then spun into fibers. It has 

been well established in chapter 3 that the sol-gel reactions between the hydrolyzed 

inorganic precursor TEOS and the copolymer precursor PMCM could produce organic 

vinyl polymer - inorganic silica hybrid nanofibers, in which the polymer chains are 

uniformly distributed and covalently bonded to silica network.49-51 The PMCM-

SiO2/AgNO3 nanofibers thus produced are then heat-treated to reduce AgNO3 to silver 

nanoparticles, and pyrolze the PMCM-SiO2 component of the nanofibers to porous silica 

fibers. Various electron microscopic and spectroscopic characterizations were performed 

to study the effects of concentration of AgNO3 and PMCM on the morphology of the 

silica fiber and the effect of heat treatment on the production of silver nanoparticles. The 

catalytic efficiency of the silver nanoparticles encapsulated inside porous silica fibers was 

evaluated in a silver catalyzed reduction of methylene blue dye (MB) by sodium 

borohydride (NaBH4) under nitrogen.  The reaction is thermodynamically favorable, and 

the color change from blue in its oxidized state to colorless in its reduced state can be 

easily detected using a simple UV-vis spectroscopy method.52,53 It should be noted that 

substituting silver nitrate with another metal salt, e.g., hydrogen tetrachloro-aurate 

tetrahydrate (HAuCl4.4H2O), will lead to the production of gold nanoparticles, rather than 

silver nanoparticles, during heat treatment. 
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5.2 Experimental Section  

The synthesis of porous silica nanofibers containing silver nanoparticles (PSFSP) 

involves three main steps. One is the basic synthesis of PMCM copolymer; second is the 

electrospinning of PMCM/hydrolyzed TEOS/AgNO3 solution into nanofibers, and third 

is the heat treatment of the electrospun fibers to obtain uniformly distributed silver 

nanoparticles in porous silica fibers.  

5.2.1 Materials and Reagent 

Tetraethylorthosilicate (TEOS, 98%), silver nitrate (AgNO3, 2 N solution in 

water), hydrogen tetrachloro-aurate tetrahydrate (HAuCl4.4H2O, 2 N solution in water), 

nitric acid (HNO3, 1 N solution in water), reagent grade tetrahydrofuran (THF, 99.9%) 

and sodium borohydride (NaBH4, 99.9%) were all purchased from Sigma-Aldrich 

Chemical Co. and used as received. Methyl methacrylate (MMA) monomer, 3-

(trimethoxysilyl)propyl  methacrylate (MSMA), sodium hydroxide (NaOH), benzoyl 

peroxide (BPO), anhydrous calcium chloride (CaCl2), anhydrous benzene, and anhydrous 

hexane were also purchased from Sigma-Aldrich Chemical Co. and used to synthesize 

the trimethoxysilyl functionalized methacrylate copolymer (PMCM) following the 

previously reported procedure by Wei et al.54,55  A detailed procedure for the synthesis of 

PMCM copolymer is also given in the experimental section of chapter 3. 

5.2.2 Preparation of Spinning Solution 

Scheme 5-1 shows the important steps involved in the fabrication of PSFSP. 

PMCM copolymer was first synthesized, according to the procedure explained in the 

experimental section of chapter 3. Scheme 3-1 represents the reaction involved in the 
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synthesis of PMCM. The molecular weight of the PMCM copolymer obtained was 

around 85,000 as determined by gel permeation chromatography (GPC).  

The first step was the preparation of silicate/AgNO3 sol. Thus, TEOS was mixed 

with THF and then a mixture of 2N AgNO3 and 1N HNO3 was added dropwise at two 

different [TEOS]: [THF]: [HNO3, 1N]: [AgNO3, 2 N] molar ratios of 1:2:0.05:0.06 and 

1:2:0.05:0.1 with constant stirring for 30 min at room temperature. The water required for 

hydrolysis of TEOS was obtained from the dilute AgNO3 solution used in the preparation 

of the sol. Next, 10 wt% PMCM solution in THF was added dropwise to the hydrolyzed 

TEOS/AgNO3 sol with constant stirring to obtain a transparent homogeneous solution 

with a viscosity of around 60 to 70 cP and a final PMCM content of 2 to 4 wt%, with 

respect to the wt% of silica.  

 

 

Scheme 5-1. Schematic representation of porous silica nanofibers containing silver 

nanoparticles. 
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5.2.3 Electrospinning 

The spinning solution prepared as above was collected in a pipette with a tip 

opening of approximately 0.5 mm. An electric field of 20 kV (Gamma High Voltage 

Research D-ES30) was then applied by dipping a charged copper wire directly into the 

spinning solution. A grounded aluminum plate placed at a distance of 20 cm form the tip 

of the pipette was used as a fiber-collecting device.  Under the electric field, a droplet 

suspended from the tip of the pipette acted as the feed source, from which a charged jet of 

hydrolyzed TEOS/AgNO3/PMCM sol solution was ejected out in the form of nanofibers. 

The two sets of PMCM-modified fibers containing 0.06 and 0.1 mol/L AgNO3 with 

respect to 1 mol/L TEOS thus collected were then subjected to varying heat treatments in 

air. This caused the hydrolyzed TEOS to reduce to silica, the PMCM polymer to degrade, 

and the AgNO3 salt present in the fibers to reduce to silver nanoparticles, finally 

producing porous silica fibers containing approximately 10 wt% (0.06 mol/L AgNO3) 

and 20 wt% (0.1 mol/L AgNO3) silver nanoparticles. 

5.2.4 Testing the Catalytic Activity of Silver Nanoparticles in the Fibers 

The catalytic activity of the silver nanoparticles in the fibers was analyzed 

following the published procedure.29,56 In a typical procedure, a certain amount of silica 

fibers containing 10 wt% silver nanoparticles was homogeneously dispersed into a MB 

dye solution in water (2 mL, 0.01 mol/L), followed by injecting aqueous NaBH4 (1 mL, 

0.1 mol/L) rapidly under constant stirring. The blue color of the mixture gradually 

disappeared, indicating the silver-catalyzed reduction of the dye. The rate and time of 

color disappearance, as indicative of catalytic activity of silver particles, was monitored 

with UV-vis spectrophotometer. 
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5.3 Instrumentation  

5.3.1 Gel Permeation Chromatography (GPC) 

A Hewlett-Packard HP 1090 liquid chromatograph, equipped with a refractive 

index detector, PLgel column and THF eluent was used to determine the molecular 

weight of the synthesized PMCM copolymer. The copolymer was dissolved in THF to 

obtain a 1% solution, and the instrument was calibrated against secondary polystyrene 

standards. 

5.3.2 Digital Viscometer 

Brookfield Instruments model DV-II+ was used to determine the viscosity of the 

spinning solution 

5.3.3 Fourier Transform Infrared Spectrophotometer (FT-IR)  

An FT-IR, Perkin-Elmer, Model-1600 spectrophotometer was used to analyze the 

as-spun hybrid fibers containing AgNO3, as well as the heat-treated fibers made of silica 

and silver nanoparticles. The fiber samples were measured in the form of KBr powder-

pressed pellets under ambient conditions. Each spectrum was acquired by accumulation 

of 50 scans with the resolution of 4 cm-1.  

5.3.4 Environmental Scanning Electron Microscopy (ESEM) and Electron 

Diffraction Spectroscopy (EDX) 

Measurement of the diameter of the electrospun nanofibers and elemental analysis 

was conducted by obtaining micrographs from the field emission environmental scanning 

electron microscope (Phillips XL-30 ESEM) equipped with an energy dispersive X-ray 

analyzer (EDX). Approximately 1 x 1 cm square pieces of fiber mats were mounted on 

top of sample holders using conducting carbon tape. The samples were then sputter 



 

 

139

coated with a monolayer of platinum. The sputter-coated fibers were then exposed to a 

voltage of 20 kV. The average diameter of the fibers was determined by measuring 100 

random fibers from micrographs using UTHSCSA ImageTool 3.0. 

5.3.5 Transmission Electron Microscopy (TEM) 

A transmission electron microscope (TEM, JEOL 2000FX) operated at the 

accelerating voltage of 300 kV, was used to study the internal morphology of the PSFSP. 

The samples for TEM micrographs were prepared by embedding the fibers into a resin 

and microtoming the resin into 100 nm thick cross sections. The morphology of the fibers 

and the size and distribution of silver particles present inside the fibers were evaluated.  

5.3.6 Thermogravimetric Analyzer (TGA, TA Q50) 

TGA analysis was performed in air over a temperature range of 40 to 800 oC at a 

heating rate of 20 oC/min. During the heat treatment, degradation of PMCM polymer and 

formation of silver nanoparticles take place. 

5.3.7 X-Ray Diffraction (XRD) 

The as-spun fibers and heat-treated fiber square mats (2 x 2 cm) were used to 

study the size and distribution of silver nanoparticles via the large angle X-ray diffraction 

(XRD, Siemens D-500, copper Kα -radiation (λ = 1.542 Å) size of 0.4 x 8 mm generated 

by a 1.35 KW Cu X-ray tube). The diffracted intensity was recorded using a 2o/sec - 2 θ 

step from 10o to 90o for each scan. 

5.3.8 Solid UV-Vis Spectroscopy 

Solid-state UV-visible reflectance spectra of the as-spun fibers and heat-treated 

fibers are measured with a Perkin Elmer, Model-330 spectrophotometer, at a wavelength 

between 200 to 800 cm-1. 
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5.3.9 Gas Sorption Measurement  

N2 sorption characterization of the as-spun and heat-treated fibers was, conducted 

on a Micromeritics ASAP 2010 surface area and pore size analyzer (Micromeritics Inc., 

Norcross, GA) at -196 oC. All samples were degassed at 100 oC and 10-6 Torr overnight 

prior to N2 adsorption-desorption, and the surface area, pore diameter and pore volume 

were calculated using the accompanying software from Micromeritics. 

5.4 Results and Discussion 

Figure 5-11 summarizes the formation of PSFSP in a simple schematic 

representation. All the fibers studied and analyzed were synthesized using similar 

electrospinning parameters, as stated in the experimental section (i.e., pipette tip diameter 

of 0.5 mm; voltage of 20 kV; fiber collecting distance of 20 cm). Approximately 10 

ESEM micrographs were taken randomly from different regions of a 20 x 20 cm square 

silica fiber mat, and the average fiber diameter (Table 5-1) of 100 silica fibers from each 

sample was then measured using UTHSCSA ImageTool 3.0. 

5.4.1 Effect of PMCM Concentration on Electrospun Nanofibers 

Figures 5-1a, 5-1b and 5-1c show fibers containing 0, 2 and 6 wt% of PMCM 

polymer with respect to the weight of silica, respectively. Silica fibers spun without any 

PMCM showed beaded morphology, due to the low molecular weight and low viscosity 

of the sol-gel silicates in the spinning solution (10 cP). On the other hand, the long 

molecular chains of the PMCM copolymer when added to the spinning solution tend to 

get entangled with the smaller silica sol molecules forming covalent bonds, via the cross-

condensation of the silanol groups (i.e., Si-OH) present in both TEOS and PMCM.55 The 

silica fibers spun with 2 wt% PMCM show a uniform morphology with average diameter 
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of around 180 ± 10 nm (Table 5-1). As the wt% of PMCM is increased from 2 to 6 wt%, 

the viscosity of the spinning solution also increased from 40 to 60 cP, which in turn 

increased the diameter of the fibers from 180 ± 10 nm to 290 ± 10 nm. The increase in 

diameter of fibers with viscosity has been noticed previously in many electrospun 

polymer fibers.47 It has to be noted that all silica fibers studied from here on contain 2 

wt% of PMCM (with respect to silica), unless stated otherwise. 

5.4.2 Effect of AgNO3 Concentration on Electrospun Nanofibers  

The amount of AgNO3 added to the spinning silica solution also plays a role in 

governing the morphology of the fibers. Increasing the amount of AgNO3 from 0.06 

mol/L (10 wt% silver) to 0.1 mol/L (20 wt% silver) in the spinning solution caused the 

fibers to stick together, as well as caused an increase in the diameter of the spun fibers 

(Table 5-1, Figures 5-1d and 5-2e). This surface morphology change could be attributed 

to the localized charge effects on the surface of the fibers, as well as slow evaporation of 

water from the fibers causing the wet fibers to stick together during electrospinning.32,36,38 

All silica fibers discussed from here on contain 10 wt% silver (0.06 mol/L AgNO3) with 

respect to silica, unless stated otherwise. Thus, a narrow size distribution of the diameter 

of the silica fibers with smooth morphology can be obtained by regulating the amount of 

PMCM (2 wt%) and AgNO3 (0.06 mol/L) added into the spinning solution. 

5.4.3 Effect of Heat Treatment on Electrospun Nanofibers and Silver Nanoparticles  

The electrospun hybrid fibers are subjected to varying temperatures and times 

from 200 oC to 600 oC for 60 to 150 min as seen in Table 5-1. The fibers undergo three 

different chemical and morphological changes:  
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I: The degradation temperature for pure PMCM polymer is found to be around 

300 oC. Thus, as the fibers are heated above 300 oC, the PMCM binder present inside the 

fibers starts degrading, and at around 500 oC the degradation of PMCM is complete, 

leaving behind pure porous silica fibers as seen in scheme 5-2. The degradation causes 

the fibers to become porous in nature and, enhances the catalytic efficiency of the fibers 

by increasing the surface area of the fibers. The porous structures left behind in the silica 

fibers after the complete degradation of the PMCM copolymer are partially occupied by 

the growing57 silver nanoparticles in the fibers. The particles eventually stop growing 

when they encounter the rigid silica walls of the fibers.  
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Scheme 5-2. Thermal degradation of PMCM copolymer.                                                                                    

II: As the fibers are subjected to higher temperatures, the partially condensed 

silica present in the fibers is forced to complete condensation58 (Scheme 5-3). This causes 

the release of small molecules such as ethanol and water from the fibers causing the 

fibers to shrink a little (Table 5-1). A comparison between the as-spun and heat-treated 

fibers, reveal that the average diameter of heat-treated fibers decreases only slightly 

(Table 5-1). Unlike polymer fibers, which show major shrinkage and degradation at high 

temperature, the rigid network of highly branched inorganic silica chains in the silica 
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fibers causes the fibers to retain their shape and prevents major shrinkage. The heat 

treatment also makes the fibers highly resistant to strong acids and corrosive chemicals. 
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Scheme 5-3. Thermal condensation of hydrolyzed TEOS. 

III: During fiber heat treatment, AgNO3 present in the as-spun fibers is reduced to 

Ag nanoparticles (Scheme 5-4). The size of the nanoparticles increases slightly with 

increase in temperature, which is caused by Ostwald ripening. This occurs when silver 

ions flock together and form crystals. Some of these crystals grow larger, at the expense 

of smaller crystals, with increase in temperature and finally form nanoparticles. The size 

of the nanoparticles reach a maximum limit, when it comes in contact with the ridge 

silica walls of the fibers, which further prevent the agglomeration of the silver 

nanoparticles with the surrounding particles. Thus, the size of the silver particles is not 

only dependent on the heat treatment of the silica fibers, but also the average diameter of 

the pores produced by the degradation of PMCM copolymer. 

AgNO3

> 300 oC
Ag    +   NO2     +   ½ O2  

Scheme 5-4. Thermal reduction of silver nitrate.                                                                                
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5.4.4 Effect of Heat Treatment Time on Electrospun Nanofibers and Silver 

Nanoparticles  

As seen in Table 5-1 along with temperature variation, the time span of heat 

treatment also was varied, from 60 to 150 min. The degradation of PMCM binder and 

condensation of silica are only slightly affected by the time span of heat treatment. The 

silver nanoparticles on the other hand are dependent both on the time and on the 

temperature of heat treatment. 

5.5 Characterization of As-Spun and Heat-Treated Fibers 

The as-spun and heat-treated fibers were analyzed for surface morphology, fiber 

diameter and surface area, using various elemental and optical analysis instruments. The 

surface area and porosity of the fibers were analyzed with the Micromeritics ASAP 2010 

instrument. As anticipated, degradation of PMCM polymer inside the fibers during heat 

treatment lead to the increase in surface area from 11 m2 g-1 for non heat-treated fibers to 

600 m2 g-1 for heat-treated fibers. The TEM micrograph images (Figure 5-2) of the heat-

treated silica fibers clearly show a homogeneous distribution of silver nanoparticles 

inside the porous silica fibers.  

5.5.1 Elemental Characterization  

The wt% of silver in the heat-treated silica fibers, which was experimentally 

determined via the EDX (Figures 5-3) and X-ray mapping technique (Figure 5-4), was 

found to be around 9 wt%. This value is close to the actual stoichiometric value of silver 

(10 wt%) calculated from the electrospining solution (hydrolyzed TEOS/(0.06 

mol/L)AgNO3/2 wt% PMCM) mixture (Table 5-1). The EDX spectrum for blank samples 

(fibers containing 0 wt% silver) shows no peak for silver (Figure 5-3a). Heat-treated 
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fibers containing silver nanoparticles on the other hand, as seen in Figure 5-3b, show a 

sharp peak for silver. The distribution of the silver particles, as seen in Figure 5-4, is also 

studied using the X-ray mapping technique. A series of X-ray mapping images of silicon, 

oxygen and silver for heat-treated fibers show an evenly distributed silver content at the 

macroscopic level. 

5.5.2 Fourier Transform Infrared Spectra (FT-IR) 

Figure 5-5 shows FT-IR data for as-spun and heat-treated fibers. The 

characteristic peaks for pure PMCM copolymer (Figure 5-5) are at 1730 cm-1 (C=O), 

1458-1450 cm-1 (CH2-bending), 1088 cm-1 (Si-O-C bending) and 486 cm-1 (Si-O-C 

antisymmetric band)59. Characteristic peaks for pure silica powder (Figure 5-5) are at 900 

cm-1 (Si-OH) and 795 cm-1, 950 cm-1 and 1081 cm-1 (Si-O-vibrations)59. Characteristic 

(Si-O) and (Si-OH) peaks are also seen for as-spun fibers (Figure 5-5) and heat-treated 

fibers (Figure 5-5 and Figure 5-5). The heat-treated silica fibers show a gradual decrease 

in Si-OH peaks at 900 cm-1 and an increase in Si-O peak at 1081 cm-1 caused by the 

forced condensation of hydrolyzed TEOS (Si-OH) to silica (Si-O-Si) during heat 

treatment. As the as-spun fibers (Figure 5-5) have only trace amounts of PMCM 

copolymer, the characteristic (C=O) peak for PMCM is not clearly visible. 

5.5.3 Differential Thermogravimetric Analysis (TGA) 

Figure 5-6 shows differential thermogravimetric analysis (TGA) curves for pure 

PMCM copolymer, pure silica powder and as-spun fibers. All the samples are heated in 

air from room temperature to 700 oC at the rate of 10 oC/min. The deconvoluted 

derivative thermogravimetric (DTG) curves of the fibers are also shown in Figure 5-6. 

Furthermore, degradation temperatures, experimental and calculated silica residue values 
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(which represent the final silica content of the fibers after complete burning of PMCM 

binder and formation of nanoparticles) are tabulated in Table 5-2. Due to high resistance 

of silica to temperatures up to 1000 oC, no degradation of any kind is noticed in pure 

silica TGA curve (Figure 5-6). A single degradation curve at around   300 oC is noticed 

for pure PMCM copolymer (Figure 5-6)60, with 2 wt% silica residue. A broad 

degradation curve is noticed for as-spun fibers (Figure 5-6),61 caused by moisture, 

reduction of silver nitrate to silver nanoparticles, and degradation of trace PMCM 

copolymer present in the silica fibers. 

5.5.4 Transmission Electron Microscopy 

The TEM micrograph images (Figure 5-2) of the heat-treated silica fibers clearly 

show a homogeneous distribution of silver nanoparticles inside the porous silica fibers. In 

order to optimize the catalytic efficiency of the silver nanoparticles present in the porous 

silica fibers, a controlled and reproducible size distribution along with high density of 

silver nanoparticles has to be achieved. Thus, the factors affecting the size of the silver 

nanoparticles must be evaluated. Table 5-1 lists the size of the silver nanoparticles, which 

were obtained by measuring 20 silver nanoparticles from each sample via the TEM 

micrographs (Figure 5-2). The size of the silver nanoparticles present in the heat-treated 

silica fibers (Figures 5-2a, 5-2b and 5-2c; 250-nm diameter silica fibers; 0.06 mol/L 

AgNO3; heated for 60 min) was seen to increase with increase in temperature from 400 

oC to 600 oC. Further increase in temperature of the fibers to 800 oC did not cause any 

sharp increase in the size of the silver nanoparticles. Similarly, when the time for which 

the fibers were heated (5-2a and 5-2d; 250 nm diameter silica fibers; 0.06 mol/L AgNO3; 

heated at 400 oC) was increased from 60 to 150 min, an increase in the size of the silver 
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nanoparticles was noticed. This effect of temperature and time on the size of the silver 

nanoparticles is due to the Ostwald ripening phenomenon, as explained previously.62 

Figures 5-2a and 2e show TEM micrographs of heat-treated (250-nm diameter silica 

fibers; heated at 400 oC for 60 min) silica fibers, electrospun using 0.06 and 0.1 mol/L 

AgNO3, respectively. The increase in concentration of AgNO3 from 0.06 to 0.1 mol/L 

leads to an increase in number and size of silver nanoparticles.32 Similarly, with the 

increase in diameter of silica fibers from 100 to 250 nm, the average size of the silver 

nanoparticles also increased (Figure 5-2f; 0.06 mol/L AgNO3, heated at 600 oC for 150 

min). 

5.5.5 Optical Properties of PSFSP 

The optical properties of heat-treated silica fibers were studied to evaluate further 

the distribution and size of silver nanoparticles in the fibers. Before heat treatment, the 

PMCM-modified silica fiber mats containing 0.06 mol/L of AgNO3 were white in color. 

Upon heating, these fiber mats changed to a light golden yellow color as seen in Figure 5-

7, owing to the surface plasma resonance (SPR) of the silver nanoparticles produced in 

the silica fibers during heat treatment. SPR is a characteristic feature of metal 

nanoparticles between the sizes of 2–50 nm.28,52 Here the electrons freely oscillate on the 

metal particle surface and absorb electromagnetic radiation from particular energy levels. 

Particles less than 2 nm, on the other hand, do not show this phenomenon due to the 

presence of electrons in discrete energy levels.28,52  

Figure 5-8a shows UV spectra of heat-treated silica fibers, which exhibit well-

defined plasmon peaks indicating a narrow size distribution of silver nanoparticles. The 

fibers heated up to 200 oC for 30 min do not show any plasmon peaks due to the 
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incomplete formation of silver nanoparticles in the sample. On the other hand, samples 

heated up to 400 and 600 oC for 30 min, show sharp spectral bands for silver at around 

406 and 410 nm, respectively. The shift in wavelength seen in fibers at higher 

temperature is due to the increase in size of silver nanoparticles. Similarly, Figure 5-8b 

shows UV spectra of fiber samples heated to 400 oC for 30, 90 and 150 min. As the time 

of heat treatment is increased, the plasmon peak shifts to higher wavelength, due to the 

increase in size of the silver nanoparticles.6,28,57  

Figure 5-9 shows XRD spectra for silica fibers heat-treated to various 

temperatures and time. The diffuse reflection peaks at 2θ value of 20o observed in all the 

samples are indicative of the amorphous nature of sol-gel silica materials.58 The peaks at 

2θ values of 38.2, 44.5, 64.6, and 77.5o correspond to the (111), (200), (220) and (311) 

crystal planes of silver particles.63 The calculated d-spacing (Table 5-3) of the silver 

particles were found to be consistent with the International Centre for Diffraction Data 

(Table 5-3) obtained from JCPDS files (NO. 41-1402), indicating that the silver 

nanoparticles have cubic symmetry. Apart from measuring the size of silver nanoparticles 

via TEM micrographs, the average size of the silver nanoparticles (Table 5-1) was also 

calculated using Brigg’s and Sherrer’s equation (D= 0.9λ / FWHM cosθ; D is the average 

particle size in Å; FWHM is the full width of the peak at half maximum and θ the 

diffraction angle).27 In all, samples heated to 300 oC did not show any peaks for silver, 

indicating that the silver ions were not yet converted to silver nanoparticles. As the 

samples were heated to higher temperatures and for longer time, the peaks for silver 

crystals appeared and increased in intensity. 
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5.6 Catalytic Activity of Silver Nanoparticles 

Silver nanoparticles have been studied as a catalyst in reduction reactions of 

nitrophenols, nitroanilines and various dyes, such as methylene blue (MB) and 

fluorescein.29-31 Reduction of MB by NaBH4 is used as a standard for determining the 

catalytic activity of the silver nanoparticles encapsulated in the porous silica fibers. In 

agreement with previous results, the reduction of MB, if it occurs at all, is insignificant in 

the absence of silver particles.29,64,65 In the solution containing silver particles, however, 

the reduction of the dyes by NaBH4 is completed within 2 to 20 minutes. The choice of 

MB dye for testing the catalytic activity of the PSFSP is based on two factors: 1) the dye 

changes from blue to colorless when reduced, thus giving a sharp visible color, change 

and 2) the absorbance maximum (λmax) for MB is around 665 nm, which does not 

interfere with the λmax of silver nanoparticles, which is around 420 nm.52 The preliminary 

catalytic testing for PSFSP was carried out by reduction of 2 mL of MB (0.01 mol/L) in 

water, using 0.10 g silica fibers containing approximately 10 wt% silver nanoparticles as 

catalyst and 1 mL of NaBH4 (0.1 mol/L) as the reducing agent. The progression of the 

catalytic reduction of MB can be easily followed (Figure 5-10) by the change in optical 

density at the λmax of 665 nm (oxidized form of MB). Evidently, the absorbance at λmax of 

MB gradually decreases with the reaction time, which is indicative of the reduction of 

MB from blue to colorless. As expected, the catalytic reduction of MB proceeded 

successfully, and no deactivation or poisoning of the catalyst was observed. The band at 

420 nm (which comes from the silver nanoparticles present inside the fibers) was not 

very prominent at the initial stages of the reaction, but as the reduction of MB proceeded, 

the band at 665 nm (oxidized form of MB) disappeared, and the band at 410 nm (silver 
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nanoparticles present inside the fibers) became prominent. The induction period of 1 min 

seen at the initial stage of the reaction, could be due to the time required for the dye to 

enter the porous network of the silica fibers and come in direct contact with the silver 

nanoparticles. The entire reduction reaction experiment was conducted under nitrogen, to 

avoid obtaining false results due to the reduction of MB via oxygen.65 A blank test 

containing a mixture of MB dye plus NaBH4 reducing agent, with pure silica fibers 

containing no silver particles did not show any reduction or color change for more than 

24 hours. 

5.7 Conclusion 

In this study, novel catalytic silica nanofibers containing silver nanoparticles have 

been successfully synthesized via a simple electrospinning method. The density and size 

of the silver nanoparticles present in the fibers can be readily controlled by varying the 

diameter of the electrospun fibers, concentration of silver nitrate salt and heat treatment 

conditions. The silver nanoparticles in the silica fibers exhibited good catalytic 

properties, based on the results obtained from the silver-catalyzed reduction of MB dye. 

5.8 Electrospinning of Gold Nanoparticles in Porous Silica Nanofibers 

Gold nanoparticles were synthesized inside porous silica nanofibers using the 

exact same procedure utilized for silver nanoparticles. The only difference in the 

preparation of the spinning solution was the addition of hydrogen tetrachloro-aurate 

tetrahydrate salt (HAuCl4.4H2O) solution instead of AgNO3. In a typical procedure, 

TEOS was mixed with THF and then a mixture of 2 N HAuCl4.4H2O and 1 N HNO3 was 

added dropwise at two different [TEOS]: [THF]: [HNO3, 1N]: [HAuCl4.4H2O, 2 N] 

molar ratios of 1:2:0.05:0.06 and 1:2:0.05:0.1 with constant stirring for 30 min at room 
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temperature. The water required for hydrolysis of TEOS was obtained from the dilute 

HAuCl4.4H2O solution used in the preparation of the sol. Next, 10 wt% PMCM solution 

in THF was added dropwise to the hydrolyzed TEOS / HAuCl4.4H2O sol with constant 

stirring to obtain a transparent homogeneous solution with a viscosity of around 60 to 70 

cP and a final PMCM content of 2 to 4 wt%, with respect to the wt% of silica. The 

solution thus prepared was then used to spin fibers using the specifications given under 

the experimental section for electrospinning porous silica nanofibers containing silver 

nanoparticles. Figure 5-12 represents a micrograph of the electrospun nanofibers. The 

two sets of fibers containing 0.06 and 0.1 mol/L of HAuCl4.4H2O thus electrospun are 

then heat-treated to 500 oC. After heat treatment, the fibers changed from white to pinkish 

red in color. This was due to the reduction of HAuCl4.4H2O to pure gold nanoparticles 

inside the silica fibers. The polymer additive (PMCM) also degraded leaving behind 

porous silica fibers. The fibers that contained 0.1 mol/L of HAuCl4.4H2O salt when heat-

treated reduced the salt to gold particles, some of which precipitated out of the fibers in 

the form of discs, cylinders and spheres as seen in Figure 5-13. Elemental analysis of the 

precipitated particles (Figure 5-14) represents a sharp peak for Au. TEM analysis of the 

fibers was also conducted using the same specifications that were followed for silver, 

wherein the fibers are cross-sectioned using a microtome. The TEM micrograph of silica 

nanofibers containing gold particles is clearly seen in Figure 5-15. Finally, XRD was 

used to analyze the distribution and size of Au particles. Figure 5-16 shows the XRD 

pattern of fibers heat-treated up to 500 oC. This clearly showed an increase in particle size 

with heat treatment. 
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Table 5-1. Sample code and average diameter of silica fibers and silver nanoparticles 
subjected to various heat treatments. 
 
 
 
 

average diameter SF10b average diameter SF20b 

silver nanoparticles 

nm 

silver nanoparticles 

nm 

temperaturea 
oC 

timea 

min 
silica 
fibersc 

nm TEMd XRDe 

silica 
fibersc 

nm 
TEMd XRDe 

30 - 180 ± 10 - - 290 ± 10 - - 

30 175 ± 15 - - 290 ± 30 - - 

60 174 ± 17 - - 280 ± 10 - - 

200 

150 170 ± 17 - - 280 ± 20 - - 

30 150 ± 20 - - 265 ± 10 - - 

60 150 ± 12 9 8.5 258 ± 17 12 11 

400 

 

150 135 ± 15 12 11 250 ± 15 15 14.5 

30 130± 17 10 11 252 ± 10 15 14 

60 100 ± 17 15 14 252 ± 30 20 18.5 

600 

150 100 ± 20 20 19 248 ± 25 25 21 
 

 

 
aVarious temperature and times used to heat treat PMCM modified electrospun silica 
fibers. bAverage diameter of heat-treated silica nanofibers SF10 and SF20 containing 10 
wt% silver nanoparticles and 20 wt% silver nanoparticles, respectively. cAverage 
diameter (mean± standard deviation) of SF10 and SF20 obtained by measuring 100 fibers 
of a single sample from ESEM micrographs after heat treatment. dAverage diameter of 
silver nanoparticles present in SF10 and SF20 obtained by measuring 20 nanoparticles 
from TEM micrographs. eDiameter of silver nanoparticles in SF10 and SF20 obtained 
from the Bragg’s and Sherrer’s equation calculated using the XRD graph.  
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Table 5-2. Degradation temperatures and final residue of samples heated up to 700 oC at 
the rate of 10 oC/min. 
 
 
 

sample 
Degradation 

temperature oC 
 

SiO2 (wt%) 
calculated 

SiO2 by TGA 
(wt%) 

 
pure SiO2 

 

 
no degradation 

seen 

 
100 

 
100 

 
PMCM binder 

 
309 

 
2 

 
3 

 
*SF10 

 
269 and  300 

 
78 

 
73 

 

 
 
   *silica fibers containing 10 wt% of silver nanoparticles. 
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Table 5-3. A comparison of calculated d-spacing (dhkl) values of silver nanoparticles with 
that of International Centre for Diffraction Data obtained for silver from JCPDS files 
(NO. 41-1402). 

 
 
 

(hkl)a calculated 
dhkl

b 
dhkl from 

JCPDS filesc 

(111) 0.2356 0.2359 

(200) 0.2036 0.2043 

(220) 0.1444 0.1445 

(311) 0.1231 0.1231 
 

 

 

aCubic crystal lattice planes of silver nanoparticles. bCalculated d-spacing (interplanar 
spacing in Å) of silver particles (λ = 2d sin θ ) present inside silica fibers. cInternational 
centre for diffraction data obtained for silver from JCPDS files (NO. 41-1402). 
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Figure 5-1. ESEM images of non-heat-treated electrospun silica/AgNO3 nanofibers 
containing (a) 0 wt% PMCM and 0.06 mol/L AgNO3, (b) 2 wt% PMCM and 0.06 mol/L 
AgNO3, (c) 6 wt% PMCM and 0.06 mol/L AgNO3 and (d) 2 wt% PMCM and 0.1 mol/L 
AgNO3; and of (e) heat-treated silica fibers (600 oC for 60 min) that were electrospun 
with a solution containing 2 wt% PMCM and 0.06 mol/L AgNO3. Scale bar: 1 µm. 
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Figure 5-2. TEM cross-section micrographs of electrospun porous (light features: pores) 
silica-containing silver nanoparticles (dark spherical regions) after thermal treatment 
(wt% of silver; time of heat treatment; temperature of heat treatment): (a) 10 wt%, 60 
min, 400 oC, (b) 10 wt%, 60 min, 600 oC, (c) 10 wt%, 60 min, 800 oC, (d) 10 wt%, 150 
min, 400 oC, (e) 20 wt%, 60 min, 400 oC, (f) 10 wt%, 150 min, 600 oC (showing fiber 
diameters from 100 to 250 nm), and, (g) silica fiber showing homogeneous distribution of 
silver nanoparticles along the fiber. Scale bar 250 nm. 
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Figure 5-3. Elemental analysis (EDX) of silica fibers electrospun at 20 kV for (a) fibers 
without any silver content and (b) fibers containing 10 wt% of silver nanoparticles after 
heat treatment. 
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              (a)                                 (b)                                 (c)                             (d) 

 

Figure 5-4. Elemental X-ray mapping of fibers containing 10 wt% of silver. (a) ESEM 
micrograph of heat-treated fibers; (b) oxygen mapping; (c) silicon mapping; (d) silver 
mapping showing homogeneous distribution of silver nanoparticles. 
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Figure 5-5. Infrared spectra of (a) pure PMCM polymer; (b) pure silica; (c) hydrolyzed 
TEOS/AgNO3/2 wt% PMCM electrospun fibers before heat treatment; (d) silica fibers 
containing 10 wt% silver nanoparticles heated at 200 oC for 30 min; (e) silica fibers 
containing 10 wt% silver nanoparticles heated at 600 oC for 30 min. 
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Figure 5-6. Thermogravimetric analysis (TGA) and deconvoluted derivative 
thermogravimetric (DTG) curves (inset) for samples heated at 10 oC/min from 40 oC to 
800 oC in air: (a) pure PMCM polymer; (b) PMCM modified silica fibers containing 0.06 
mol/L AgNO3 before heat treatment; (c) pure SiO2. 
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Figure 5-7. (a) White electrospun PMCM-modified silica fiber mats containing silver 
nitrate (AgNO3) before heat treatment; (b) golden yellow porous silica fiber mats 
containing 10 wt% silver nanoparticles after heat treatment at 600 oC for 60 min. Scale 
bar: 4 cm. 
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Figure 5-8. Optical spectra of porous silica nanofibers containing 10 wt% silver 
nanoparticles: (a) heat-treated at different temperatures for 30 min and (b) heat-treated for 
various periods at 400 oC. 
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Figure 5-9. X-ray diffraction patterns for silica fibers containing 10 wt% silver 
nanoparticles: (a) heat-treated at various temperatures for 30 min and (b) heat-treated for 
various periods of time at 400 oC. 
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Figure 5-10. Successive UV-visible spectra (taken every 1 min) of methylene blue (MB) 
dye reduction, using silica nanofibers containing silver nanoparticles as the catalyst and 
NaBH4 as the reducing agent. 
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Figure 5-11. Representation of PSFSP. 
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(5-12a) 

 

(5-12b) 

 

Figure 5-12. ESEM images of non heat-treated electrospun silica/HAuCl4.4H2O 
nanofibers containing (a) 0.06 mol/L HAuCl4.4H2O (scale bar 10 µm) and (b) 0.1 mol/L 
HAuCl4.4H2O (scale bar 10 µm). 
 



 

 

172

 

 

 

 

Figure 5-13. ESEM images of heat-treated electrospun silica nanofibers showing (a) 
precipitation of Au nanoparticles on top of silica fibers (scale bar 5 µm) and (b) high 
resolution image of Au particles on the silica fiber surface (scale bar 1 µm). 
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Figure 5-14. Elemental analysis (EDX) of gold nanoparticles present on the heat-treated 
silica fiber. 
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(a) 

 

(b) 

 

Figure 5-15. TEM cross section micrographs of heat-treated electrospun porous (light 
features: pores) silica nanofibers, containing gold nanoparticles (dark spherical regions). 
(a) Low-resolution image (scale bar 0.2 µm) and (b) high-resolution image (scale bar 50 
nm). 
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Figure 5-16. X-ray diffraction patterns for silica fibers containing gold nanoparticles 
heat-treated at (a) room temperature, (b) 150 oC, (c) 250 oC, (d) 350 oC and (e) 500 oC. 
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Chapter 6: In-Situ Encapsulation of Horseradish Peroxidase in Electrospun Porous 
Silica Fibers for Potential Biosensor Applications 

 

6.1 Introduction 

Various biotic substances are used as sensors for a wide range of applications 

from detecting hazardous chemicals in the atmosphere to measuring glucose in a human 

body.1-5 Even with many successes, utilizing free enzymes for biosensor applications 

often encounters problems of poor stability and reusability.6 To counteract these 

problems, polymer and sol-gel materials have been utilized to immobilize enzymes, 

which has proven to moderately increase the storage and thermal properties of 

enzymes.7,8  

One of the above-mentioned methods, which has been extensively studied, is the 

sol-gel immobilization technique.8-12 Here the enzymes are encapsulated in-situ and at 

room temperature using a sol-gel precursor, e.g., Tetraethylorthosilicate (TEOS) and 

tetramethylorthosilicate (TMOS). Upon immobilization, the entrapped biologics showed 

some apparent or remaining activity. The current sol-gel immobilization remains 

essentially a trial and error process, due to the complexity of the sol-gel reactions and the 

lack of control over fine structures of the final products at the molecular level. In addition 

to this, appropriate porosity of the sol-gel matrix is needed for containing biomolecules 

and for mass transport of the reactants and products of the bio-catalyzed reactions.8,11 

Hence, research on encapsulating enzymes in mesoporous silica and organically modified 

silicate sol-gel materials via various surfactant and non-surfactant templating processes 

has been looked at.13,14 The porosity of the materials (e.g., silica sol-gel materials) has 

been fine-tuned further in our laboratory by using neutral, biocompatible, non-surfactant, 
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pore-forming agents or templates.13,15,16 Advantage is taken of the fact that the increase in 

wt% of nonsurfactant template in the sample increases the surface area as well as the 

porosity of the samples (which in turn increases the catalytic activity of the sol-gel 

sample). The enzymes show better stability in nonsurfactant templated mesoporous silica 

metrics than in surfactant-templated and non-templated samples.16 There are still a 

number of issues, however, such as time consuming multiple steps for encapsulating and 

drying enzyme immobilized materials, decreased enzyme activity, small surface area and 

finally enzyme leakage, which limit the biosensor applications of such materials.17,18 

Thus an urgent need to synthesize an idle biosensor matrix, for detecting harmful 

agents as well as for biocatalytic applications, has led scientists in the last couple of years 

to study a simple and efficient technique called electrospinning,19-22 to produce polymer 

nanofiber mats as enzyme immobilization substrates. Some attractive features, which 

make electrospun nanofibers an interesting candidate for enzyme immobilization, include 

large surface area, reusability of the fiber mats due to easy separation from the reaction 

mixture and retention of catalytic activity due to evaporation of harmful solvents from 

fibers during electrospinning. Surface immobilization is one of the techniques studied for 

immobilization of enzymes via electrospinning. In this technique, only the external 

surface of the electrospun fibers is utilized for enzyme immobilization, while the internal 

surface remains as such. The limited availability of enzyme attachment sites on the 

surface of the fibers causes low enzyme loading. A loss of enzyme activity is noticed due 

to the limited mobility and direct exposure of the surface immobilized enzymes to harsh 

chemicals and high temperatures.23,24 Direct electrospinning of enzymes along with 

various polymers is another method used to encapsulate and protect enzymes inside 
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polymer fibers.4,25,26 This technique causes limited interaction of enzymes with the 

substrates due to the complete confinement of some of the enzymes inside the nonporous 

fibers. Some of these fiber mats employed for enzyme encapsulation are water soluble 

and hence, tend to swell and disintegrate when immersed in solvents, causing enzyme 

leakage, decreased thermal stability and non reusability of the fiber mats, thus requiring 

extra steps to protect the fibers via coating or cross linking. Attempts made to cross link 

the enzyme encapsulated fibers23,24 causes reduced porosity of the fiber mats and 

conformational changes in the enzyme molecules, which in turn causes limited 

accessibility of substrates to the active sites of the enzymes, thus causing loss in enzyme 

activity.5,26-30 

Keeping in mind all the obstacles faced by researchers to date as mentioned 

above, a novel method is presented here, in which a biosensor based on direct 

electrospinning of enzyme-encapsulated mesoporous silica fibers (EIMSF) has been 

synthesized. This biosensor is a unique combination of two nanotechnologies, i.e., the 

direct encapsulation of enzymes in nanoporous silica matrix31 and electrostatic nanofiber 

spinning.32 The unique features that differentiate and make EIMSF a superior candidate 

for biosensor applications include 1) high surface area due to the nanometer range control 

of mesopore formation inside the silica fibers (e.g., 2 to 10 nm or greater) facilitating 

substrate diffusion; 2) no deformation of the silica fibers with little or no swelling; 3) no 

enzyme leakage; 4) high thermal stability; 5) increased reusability and 6) the freedom to 

encapsulate various kinds of enzymes individually or as mixtures in a short period of 

time. 
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In this work, tetramethyl orthosilicate (TMOS) was used as a silica precursor, 

poly(vinyl alcohol) (PVA, Mn 30,000) was used as an extender, which assists in easy 

spinning of silica fibers, and β-D- glucose not only functions as a nonsurfactant template 

for controlling mesoporosity31,33 of the resultant sol-gel silica fibers, but also helps in the 

fiber spinning by increasing viscosity. The enzyme immobilized inside the mesoporous 

silica fibers was horseradish peroxidase (HRP). HRP has relatively low molecular weight 

(39.8 kDa) and size (Stokes radius 30.3 Å).34 It has high catalytic activity and stability 

over a wide range of temperature and pH. HRP also has the ability to catalyze the 

oxidation of a number of substrates by hydrogen peroxide, and finally has potential 

applications as biosensors (glucose sensor) and biocatalysts.33,35,36 An important point 

that needs to be specified is that, although HRP has been previously immobilized in sol-

gel materials and evaluated with amperometric, chemiluminescent, and 

spectrophotometric methods, these methods were in either wet gel or hydrogels instead of 

in fully dried gels.37 An investigation focusing on the dependence of its enhanced activity 

on the surface area and shape of the material (electrospun nanofibers) having varied pore 

volumes and sizes (effect of glucose on pore size) is warranted. In this study, the 

encapsulated HRP was assayed with a colorimetric method using phenol, 4-

aminoantipyrine and hydrogen peroxide as the dye-generating compounds. The thermal 

stability, pH profiles, and activity dependence of HRP on the fiber pore parameters were 

also reported. The apparent activity of immobilized HRP was evaluated against that of 

the enzyme in solution for comparison, in order to elucidate the influence of 

immobilization on the protein molecules. The effect of the hydrophilicity/hydrophobicity 

of the microenvironment on the immobilized enzyme were also studied. 
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6.2 Experimental Section  

Direct immobilization of HRP in the porous nanofibers followed two main steps. 

One was the preparation of the enzyme containing sol-gel electrospinning solution and 

second was the electrospinning of the solution into enzyme-containing nanofiber mats. 

After the fabrication of the nanofibers, the glucose templates present inside the fibers 

were extracted out, leaving behind enzyme encapsulated porous nanofibers. These fibers 

were then tested for catalytic activity. 

6.2.1 Materials and Reagents 

Horseradish peroxidase (HRP, EC 1.11.1.7, Type II, 200 purpurogallin units/mg), 

4-aminoantipyrine (4-AAP), phenol (PhOH), β-D- glucose and sodium phosphate were 

purchased from Sigma (St. Louis, MO). Tetramethyl orthosilicate (TMOS, 99%) and 

poly(vinyl alcohol) (PVA, Mn 30,000) and hydrogen peroxide (H2O2) were purchased 

from Aldrich (Milwaukee, WI). HCl was a product of Fisher Scientific (Fair Lawn, NJ). 

The concentration of H2O2 was determined by titration with potassium permanganate 

(KMnO4), which was standardized by using sodium oxalate in acidic solution. All 

chemicals and reagents were used as received without further purification. 

6.2.2 Preparation of HRP Containing Sol-Gel Electrospinning Solution  

Scheme 6-1 briefly explains the steps involved in the fabrication of enzyme-

encapsulated nanofibers. In general, a mixture of four separate solutions of hydrolyzed 

silica sol, glucose solution, PVA solution and enzyme buffer solution makes up the final 

electrospinning solution. Hydrolyzed silica sol was prepared by mixing TMOS with 

water and HCl in a [2:1: 0.05] mol ratio. In an typical procedure, 0.77 g of TMOS 

precursor (accounts for 0.3 g of silica) was prehydrolyzed using 0.25 g of H2O and 30 µl 
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of 40 mM HCl catalyst with continuous stirring for 30 min.33 Initially TMOS and water 

remain as separate phases and hence, the solution looks cloudy in nature during stirring. 

After 20 to 30 min, the entire mixture turns clear giving out some amount of heat due to 

the exothermic nature of the reaction. The reaction mixture was then heated to 60 oC for 

30 min to evaporate off the methanol produced during hydrolysis. The sol was then 

cooled to 0 oC. Next 0.2 g of glucose (dissolved in water to make a 50 wt% solution), 

0.01 g of PVA (dissolved in water to make a 8 wt% solution) and 1 mg of commercially 

available HRP in 1 ml of phosphate buffer (100 mM, pH 6.5) where added with constant 

stirring to yield a clear spinning solution. The temperature of the spinning solution was 

maintained at 0 oC until ready for electrospinning. 

 

Scheme 6-1. Fabrication of enzyme-encapsulated mesoporous silica nanofibers.  
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6.2.3 Electrospinning of the Enzyme Containing Sol Gel Mixture 

The enzyme containing solution thus produced was filled in a syringe and 

subjected to an electric field of 20 kV. A grounded metal plate placed at a distance of 20 

cm from the tip of the syringe was used to collect the electrospun fibers. Under the 

electric field, a droplet suspended from the tip of the syringe acted as a feed source from 

which a charged jet of enzyme immobilized silica solution was ejected out, leaving 

behind white, flexible, dry fiber mats containing approximately 1 mg of HRP. The 

enzyme-encapsulated fibers thus produced were then washed with buffer solution to 

extract the glucose template and PVA polymer present inside the fibers. Removing the 

glucose template caused the fibers to become porous in nature, thus producing enzyme-

encapsulated porous nanofiber mats. During template-extraction, no enzyme leakage was 

noticed. 

6.2.4 Activity Assay of Free and Immobilized HRP 

An adapted colorimetric method using PhOH, 4-AAP and H2O2 as the dye 

generating compounds has been employed to estimate the initial catalytic activity of free 

and immobilized HRP. A schematic representation of the entire catalytic activity assay is 

represented in Figure 6-1. The initial activity of HRP was determined from the 

absorbance change at 510 nm by using a UV-vis spectrophotometer (Perkin Elmer 

Lambda 2, Norwalk, CT). The absorbance increase was due to the formation of a colored 

compound, N-antipyryl-p-benzoquinoneimine, which was caused by the interaction of 

HRP with H2O2 as illustrated in Figure 6-2. For free HRP, 1.0 mL of the enzyme solution 

(containing 4.0 x 10-4 mg or nominally 0.08 units of HRP) was mixed with 2.0 mL of 4-

AAP (2.46 mM)-PhOH (172 mM) solution at room temperature. After 15 min, 2.0 ml of 
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H2O2-phosphate (100 mM, pH 6.5) solution was added to initiate the reaction, upon 

which, the absorbance change with time was recorded. For immobilized HRP nanofibers, 

all samples were first washed thoroughly with dilute buffer solution before proceeding to 

activity assay according to the following procedure. The sample (3-7 mg, each containing 

nominally 0.50 units of HRP) was weighed into a tube, and 10 mL sodium phosphate 

buffer (10 mM, pH 6.5) was added to soak the sample under agitation. After 1 hour, the 

wash solution was separated from the solid by decantation after centrifugation. The 

washing procedures were repeated two more times at 1 hour intervals and the wash 

solutions (supernatants) were collected for enzyme activity assay (to test any enzyme, 

leakage into wash solution). The HRP-containing template-extracted fibers were then 

evaluated for the apparent activity following the same procedures as for the free enzyme 

except substituting the enzyme solution with 1.0 mL of distilled H2O.  

The activity dependence of HRP on the bulk hydrogen peroxide concentration 

present in the assay solution was conducted in the range of 0.1 - 8.0 mM at a constant pH 

6.5. The Lineweaver-Burk plot was used to calculate the Michaelis constant (Km) and the 

maximal velocity (Vm). The effect of pH (in the range of 4.5-9.1) on the activity of free 

and immobilized HRP was studied at a fixed concentration of hydrogen peroxide, [H2O2] 

= 2.0 mM. Sodium phosphate buffer (40 mM) was used to obtain all pH values. The 

enzyme-containing fiber samples were washed according to the above procedures prior to 

the assay of HRP activity.  

To assess the efficiency of encapsulation or the amount of unbound, loosely 

trapped, leached or surface absorbed HRP in as-synthesized fibers, the wash solutions 

collected before the activity assay for immobilized samples, according to the above 
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procedures, were assayed for HRP activity in the same way as free enzyme in solution. 

Here an assumption was made that the HRP activity was not altered by the 

immobilization procedures or in the presence of minor amount of other chemicals (e.g., 

glucose).  

Thermal stability of free and immobilized HRP was estimated from the remaining 

activity after a thermal treatment between 60 °C and 80 °C, in comparison with the 

activity of the same sample without the heat treatment. The thermal treatment was 

conducted as follows. After a typical washing procedure, a few milligrams of 

immobilized HRP sol-gel fiber were added to 1.0 mL of H2O. For free HRP, 1.0 mL of 

dilute HRP aqueous solution was used directly. The sample-containing tubes were sealed 

with paraffin film and put into a 60 °C water bath for 30 min. After removing them from 

the warm water bath, the tubes were replaced in a room temperature water bath. After 

which, both free and gel-immobilized samples were assayed for remaining activities by 

following the general procedures at pH 6.5 (40 mM sodium phosphate) and [H2O2] = 2.0 

mM. Before proceeding to the activity assay, however, the thermal-treated fiber samples 

were separated from the aqueous phase in order to avoid any activity contribution from 

possible enzyme leaching from the fiber samples during the thermal treatment. The 

supernatant was collected by decantation after centrifugation and estimated for any 

enzyme activity.  

In all the activity assay experiments, both 4-AAP-PhOH and H2O2-phosphate 

solutions were freshly prepared daily before the assay, the concentrations of 4-AAP and 

PhOH were fixed at 2.46 mM and 173 mM, respectively. 
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6.3 Characterization of Enzyme Immobilized Electrospun Nanofibers 

Scanning electron microscopy (SEM, Phillips XL30) was used to measure the 

diameter and study the surface morphology of the electrospun fibers. About 1 x 1 cm 

square fiber mats were taped onto sample holders using conducting carbon tape. The fiber 

mats were then sputter coated with a monolayer of platinum metal. The samples were 

then exposed to an electron beam of 20 kV in the SEM through which high-resolution 

images of fibers were obtained. The diameter of the fibers was then measured from the 

obtained micrographs using the UTHSCSA ImageTool 3.0. The extraction of glucose 

template and PVA from the electrospun fibers was monitored using FTIR (Perkin-Elmer, 

Model-1600) and thermogravimetric analysis (TA Q50 TGA). The sample for FTIR 

studies was made by mixing the fibers with dry KBr and compressed into small pellets. 

The pellets were exposed to 50 scans, with wavelengths ranging from 400 to 4000 cm-1. 

After the complete extraction of templates from the fibers, the fibers were dried and then 

analyzed for surface area and mesoporosity by nitrogen adsorption-desorption at -196 °C 

using Micromeritics ASAP 2010 instrument. Transmission electron microscopy (TEM, 

JEOL 2010F) was used to study the mesoporosity of the template-extracted fibers. The 

samples for TEM studies were prepared by embedding irregular clusters of template-

extracted fibers in resin. The resin was then temperature-cured to a hard form and 

microtomed into 100 nm thick cross-sections. Due to the different mechanical properties 

of the fibers with that of resin, the fibers tend to stick together and lose their spherical 

shape during sample preparation. The microtomed samples were then placed on TEM 

sample holders (200 mesh, lacy carbon coated copper grids) and then evaluated for 
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porosity. Finally, UV-vis absorbance spectroscopy (Perkin-Elmer λ2S) at 510 nm was 

used to study the catalytic activity of the enzyme encapsulated nanofibers. 

6.4 Results and Discussion 

The main goal in the fabrication of HRP encapsulated porous nanofibers is to 

obtain high surface area nanofibers with high catalytic activity. Some important factors 

that need to be evaluated in order to achieve this goal are the diameter and morphology of 

the fibers, the porosity of the fibers, the effect of pH and concentration of H2O2 on the 

catalytic activity of the fibers and thermal stability of the fibers. A detailed discussion of 

the above-mentioned factors follow. 

6.4.1 Factors Affecting the Morphology and Diameter of Electrospun Nanofibers 

Three sets of fibers and three control samples (Table 6-1) were synthesized to 

evaluate the efficiency of enzyme encapsulation. The only difference between the three 

sets of samples was the varying wt% of glucose, which ranged from 0, 20 and 40 wt% 

glucose. This brought the silica content of the samples to 96, 76 & 56 wt%, respectively. 

The amount of PVA and HRP was kept at a constant of 4 wt% and 1 mg respectively. 

The sample ID’s for the three sets were 0EIMSF, 20EIMSF and 40EIMSF respectively. 

Three control samples, (1) 40EIMSF2, which is similar to 40EIMSF except for the 

average fiber diameters, (2) 40EIMSF (NoPVA), which is similar to 40EIMSF except for 

the absence of PVA, and (3) 40EIMSF (NoHRP), which is similar to 40EIMSF except for 

the absence of HRP, were fabricated. Figure 6-3 represents scanning electron 

micrographs of 0EIMSF, 20EIMSF and 40EIMSF samples. To obtain uniform and more 

homogeneous fiber mats, the electrospinning voltage (20 kV) and the distance between 

the tip of the electrospinning syringe and the metal collector (20 cm) were kept constant. 
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As the amount of glucose in the spinning solution was increased from 0 to 40 wt%, the 

viscosity of the spinning solution increased from 20 to 80 cP and the diameter of the 

electrospun fibers decreased (Table 6-1 and Figure 6-3). The effect of wt% of glucose on 

the diameter of the fibers can be explained by evaluating the viscosity and molecular 

weight of the components present in the spinning solution. The molecular weight of the 

hydrolyzed TEOS sol in the spinning solution is very low and thus, droplets rather than 

fibers are formed when spun in its pure form.38-40 With the addition of glucose and PVA 

polymer and further increase in the wt% of glucose in the solution, the viscosity of the 

solution increases to a critical value required for spinning fibers.41,42 Further, a higher 

amount of entanglement of glucose molecules with each other as well as with PVA and 

hydrolyzed TEOS is predicted. All the fibers, which were spun for this study, were white 

flexible mats, and the individual fibers were smooth and devoid of beads and other 

deformities as seen in Figure 6-3. 

6.4.2 Infrared Spectroscopy (FT-IR) and Thermogravimetric Analysis (TGA) 

As stated in the previous section, the wt% of glucose added in the fibers was 

varied from 0 to 40 wt%. This increase in glucose template increased the surface area and 

porosity of the samples. To evaluate the porosity of the enzyme encapsulated mesoporous 

nanofibers, the fibers had to be first washed with buffer solution to extract out the glucose 

template from the fibers. FT-IR was used to monitor the complete extraction of glucose 

and PVA polymer from the fibers. The infrared spectra of 0, 20 and 40EIMSF before 

glucose extraction and 40EIMSF sample after glucose extraction are represented in 

Figure 6-4. All fiber samples exhibited major absorption bands associated with silica 

network, e.g., Si-O-Si vibrational modes at ~460, 790, 1080, and 1220 cm-1, along with 
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Si-OH asymmetrical stretching at ~960 cm-1 and SiO-H stretching at 3400 cm-1.43 The 

intensity of the band at ~2940 cm-1 for C-H stretch of the glucose component in fibers 

increased slightly with glucose concentration (from 20 to 40EIMSF). This band 

disappeared after water extraction (washed 40EIMSF), indicating complete removal of 

the templates from the samples.13,16 The peaks for PVA, in the as-spun fiber samples are 

not clearly visible. This is due to the trace amount of PVA in the fibers, as well as the 

overlapping of PVA and silica (O-H) peaks.  

The wt% of glucose, PVA and silica in the as-spun nanofibers and the template-

extracted nanofibers, can be further evaluated using the TGA analysis (Figure 6-5a). 

Fiber samples of 20 mg were heated in air from 60 to 800 oC in a platinum pan using the 

TGA instrument. The derivative TGA graphs (Figure 6-5b), show the maximum 

degradation temperatures for the fiber samples. Pure PVA polymer fibers when subjected 

to heat treatment showed complete degradation in the range of 260 to 560 oC. Glucose 

also degraded completely at about 600 oC. Silica (SiO2) is the only component that 

remains at temperatures above 800 oC. The SiO2 content of fiber samples found from 

TGA measurements were close to the calculated values based on the compositions of the 

initial feed materials used during electrospinning (Table 6-1). The graphs for template-

extracted fiber samples did not show any degradation peaks for glucose and PVA, 

suggesting complete extraction of the templates. 

6.4.3 Factors Affecting the Mesoporosity of the Electrospun Nanofibers 

The surface area and pore structures of the fibers were characterized using 

nitrogen adsorption-desorption at -196 °C. Glucose and trace amounts of PVA were 

extracted out of the fibers under ambient conditions to produce porous fibers, as stated 
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previously. The porosity and surface area of the fibers was seen to increase with increase 

in glucose concentration (0EIMSF, 20EIMSF and 40EIMSF). The N2 adsorption-

desorption isotherms of the resultant fibers, transformed gradually from reversible Type I 

to Type IV H2 hysteresis, indicating the transition of the porous structures in fibers, from 

micro to mesopores (Figure 6-6a). The presence of the H2 hysteresis loop is typical of the 

mesoporous silica materials prepared via the neutral nonsurfactant templating pathway as 

stated by Wei et al.13,33 The mesopores formed in the fibers are similar to the 

interconnected porous networks seen in glucose-templated mesoporous silica materials 

previously developed in our laboratory by Dong et al.44,45 The pore size distributions 

(PSD) were obtained by plotting differential volume against pore size, obtained from the 

desorption branches of the N2 adsorption-desorption isotherms according to Barrett-

Joyner-Halenda (BJH)45 (Figure 6-6b). The diameter of the porous structures in the fibers 

generally increased with increasing concentration of glucose.31 The non-templated HRP-

containing fibers were microporous, having very small pore volume and pore size (Figure 

6-6b and Table 6-1). Fibers synthesized using 40 wt% glucose (40EIMSF; Table 6-1) 

were mesoporous with a specific surface area of ~500 m2 g-1, pore volume of ~0.2 cm3 g-1 

and BET average pore diameter of ~38 Å. Moreover, control sample 40EIMSF2, which is 

the same as 40EIMSF with differences only in average diameter of the fibers, showed 

similar surface area and porosity. The surface area and porosity of the control samples 

40EIMSF(NoPVA) and 40EIMSF(NoHRP) also showed similar pore parameters as that 

of 40EIMSF, suggesting that PVA and HRP do not influence the surface area and 

porosity of the fibers. When high concentrations of the template were employed 
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(20EIMSF to 40EIMSF), however, the template determined the final porous structures of 

the fiber materials.46 

Both the pore-forming template (e.g., glucose) and HRP macromolecules are 

predicted to act as templates directing the formation of the silica cage or network. The 

interactions between the growing intermediate silicates and the templates include 

principally, hydrogen bonding and Vander Waals forces, plus possible electrostatic 

interaction with the charged groups on the protein surface. When both low molecular 

weight neutral template and enzyme are mixed into the spinning solution, the neutral 

template molecules not only direct the mesopore formation around their aggregates or 

assembly of the aggregates,47 but also join the protein molecules in forming the same 

pores or cages in which the biomolecules reside. The co-existence of the enzyme and the 

template in the same cavities provided the enzyme molecules with ample space upon 

removing the template. The enzymes tend to uncoil or relax a little inside the pores, 

which further prevents enzyme leakage during template extraction. In addition, the free 

space around HRP was needed for the conformational changes during the enzyme-

catalyzed reactions. Thus, enzyme molecules entrapped in larger pores have greater 

mobility (40EIMSF) than those in smaller pores (20EIMSF). The enzymes in smaller 

pores thus would have stronger interaction with the inner walls of the pores. In brief, 

adding templates in the synthesis rendered fibers with large pore diameters, resulting in 

easy mass transport of reactants and products through the matrix and ample free space 

around the encaged enzyme for conformational change. It is noted that all the HRP-

containing fibers were prepared under the same conditions except for the varying 

amounts of glucose added in the fibers, which was completely extracted out, before the 
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activity assay. In many aspects, the neutral nonsurfactant templating pathway to 

mesoporous host sol-gel materials is advantageous over conventional sol-gel processes 

(which does not employ templates and hence, gives nonporous materials) for 

immobilizing enzymes and other biological substances. It also restricts any long-range 

migration of the protein macromolecules through the matrix and thus prevents their 

aggregation. Moreover, the matrix protects the trapped enzyme from any attack of 

proteases or bacteria from outside the matrix. 

Transmission electron microscopy was also employed to study the internal porous 

structure of the fiber samples. Worm like interconnected porous structure was noticed in 

the TEM cross-sections (Figure 6-7), similar to the results obtained by Wei et al., 13 in 

nonsurfactant templated sol-gel silica powders.13,33 The pores thus formed open to the 

outside via the surface of the fibers. This helps increase the catalytic properties of the 

fiber samples. Not only are the encapsulated enzymes protected from the external 

atmosphere, they are also well connected to the outside, thus maintaining high surface 

area and catalytic activity. 

6.4.4 Factors Affecting the HRP Activity 

Enzymes in general are extremely sensitive to changes in temperature, chemicals, 

pH, etc. Enzymes cannot be utilized in catalytic or sensor applications in their free form. 

There has been extensive research done on finding ways to protect the enzyme without 

decreasing its catalytic efficiency. Some of the factors that affect the activity of 

encapsulated HRP are 1) method of sample preparation, 2) porosity of the EIMSF, 3) the 

concentration of H2O2 used to test the enzyme activity of HRP, 4) the pH of the solution 

used to test the activity of HRP and 5) the effect of temperature on the activity of HRP.  
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One of the main advantages of using electrospinning to synthesize enzyme 

immobilized sol-gel fibers is the short exposure time of enzymes to harmful solvents. The 

time taken for the electrospinning solution to form fibers is very short; any buffer 

solution, water or methanol present in the spinning solution is evaporated out during the 

flight of the solution between the syringe and the collecting plate to obtain dry fibers. On 

the other hand, conventional synthesis of enzyme immobilized sol-gel material takes an 

average 20 to 25 days to obtain completely dry samples.34 This causes an increased 

exposure of enzymes to harmful solvents, hence decreased enzyme activity. It has also 

been well studied that, HRP is most stable at neutral pH and can retain its activity for 

longer periods if stored below 0 oC.34 Thus, during preparation of electrospinning 

solution, the hydrolyzed silica/glucose/PVA solution is maintained at near-neutral pH 

with temperatures close to 0 oC. The HRP enzyme when added to the spinning solution is 

protected from fluctuations in the pH by mixing it with a neutral buffer before addition. 

The spinning solution is immediately electrospun into fibers, thus decreasing the time of 

exposure of HRP to harmful solvents, such as methanol, that is present in the spinning 

solution. 

6.4.4.1 Effect of H2O2 Concentration on the HRP Activity 

Figures 6-8a and 6-8b represent the dose response plots (specific activity (Vi) Vs 

[H2O2]) of apparent catalytic activity of free and encapsulated enzyme fibers at room 

temperature, with a constant pH of 6.5 and varying H2O2 concentrations of 0.1 to 10 mM. 

The initial activity of free HRP increased rapidly with [H2O2] until it reached a maximum 

at [H2O2] = 1.0 mM, it then decreased slightly as the [H2O2] increased further. The slight 

decrease in activity with increase in [H2O2] is due to the “inhibition effect,” which is well 
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known in the case of free HRP.48 Similar to the free enzyme, the apparent catalytic 

activity of immobilized HRP was seen to depend on the concentration of H2O2 in the 

assay solution. For immobilized HRP, the apparent activity also increased with [H2O2] 

until it reached a maximum at [H2O2] = 2.0 mM and then decreased slightly at higher 

[H2O2] (Figure 6-8b). The activity change with [H2O2] of the immobilized samples 

however, was not as drastic as that seen in free enzyme. The HRP activity showed strong 

dependence on the concentration of glucose in EIMSF. The samples synthesized in the 

absence of the template showed low enzyme activity at all [H2O2] and needed higher 

[H2O2] to reach maximum activities. Overall, with increasing concentration of glucose 

from 0 to 40 wt% in EIMSF, the kinetic behavior of the entrapped HRP moved closer to 

that of the free HRP in solution. Their corresponding Lineweaver-Burk plots, from which 

the kinetic parameters are derived, also displayed good linearity over a wider range of 

[H2O2] (Figure 6-8c). 

The Michaelis-Menten equation, originally developed for the homogeneous 

system, has often been used to characterize the catalytic properties of immobilized 

enzymes in heterogeneous systems. The apparent Michaelis constant (Km) and maximal 

velocity (Vm) for free and immobilized HRP were calculated using the initial activity data 

according to the Lineweaver-Burk plots (Figures 6-8c) and summarized in Table 6-1. The 

Km and Vm values were derived from the experimental data at lower concentrations of 

H2O2 by using linear regression with correlation coefficients of R2 > 0.99. The Km values 

revealed that fiber-entrapped HRP needed higher [H2O2] at 2 mM to reach the maximal 

activity than the free enzyme, which required 1 mM. Compared to free HRP, the lowered 

apparent activities of the entrapped enzyme were attributed to deactivation, diffusion 
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limitations, steric hindrance, or lowered accessibility associated with sol-gel 

immobilization.49  

A few factors may account for the differences in substrate dose-response behavior 

between free and immobilized HRP. Most probably, the concentration of H2O2, as well as 

other reactive species participating in the enzymatic reactions within the fiber matrix, is 

significantly lower than that in the bulk solution due to internal diffusion limitations 

within the fiber matrix. Although the inhibition effect was also evident at higher [H2O2], 

the decrease of HRP activity with increasing [H2O2] was slower for the immobilized 

sample than for the free enzyme. Previous studies indicated that the movement of 

relatively small molecules within the silica sol-gel matrix was slightly retarded.50,51 

Another possibility is that the conformational change and kinetics of the caged protein 

molecules in a constrained microenvironment are deviated from that of the native protein 

in solution,52 due to possible interactions of the protein molecules with the surrounding 

matrix pore walls.53 It should be pointed out here that the determination of the rate of 

formation of the colored product, quinoneimine, is slightly more complicated in 

encapsulated samples than with free enzymes, as the time for the substrates to enter the 

pores, interact with the enzymes and then release out of the fibers as products, e.g., 

quinoneimine, is slow.54 Thus, quantitative and accurate estimation of the intrinsic 

activity of the immobilized HRP is very difficult, if not impossible. Nevertheless, the 

kinetic data still clearly displayed the dependence of the HRP activity on [H2O2]. 

6.4.4.2 Effect of Porosity on the HRP Activity 

The apparent activities of the immobilized HRP samples were closely related to 

the pore structures of the silica matrix, which in turn are adjustable by the content of 
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glucose as stated previously. The Michaelis-Menton plots of HRP-catalyzed reactions are 

shown in Figure 6-8c. The control sample 0EIMSF prepared in the absence of glucose 

exhibited extremely low activity, while the HRP-containing fibers synthesized in the 

presence of 20 and 40 wt% glucose (20EIMSF and 40EIMSF) exhibited drastically 

improved activities, up to three orders of magnitude greater than that of non-templated 

control (0EIMSF). The initial activity of immobilized HRP increased with increasing 

concentration of glucose. Under the assay conditions employed, the apparent activity of 

the sample 40EIMSF was 200 unit mg-1 min-1 at [H2O2] = 2.0 mM. It should be pointed 

out that the results reported here are to serve as an example to demonstrate the 

advantages of the templated bioencapsulation preparations over conventional non-

templated sol-gel immobilization. Apparently, the average diameter of the EIMSF and 

the addition of PVA in the fibers during electrospinning do not affect the catalytic 

activity drastically (as seen in 40EIMSF, 40EIMSF2 and 40EIMSF/NoPVA in Table 6-

1). 

6.4.4.3 Effect of pH on the HRP Activity 

Free HRP and EIMSF samples were examined for activity dependence on the pH 

in the range of 4.5 to 9 at room temperature and a constant [H2O2] = 2 mM. Free HRP 

also was studied for comparison. Figures 6-9a and 6-9b show the change of the apparent 

activities with pH, along with a representation after normalization for clarity (Figure 6-

9c). Free HRP had highest activity at an optimum of pH 6-7.5, which was in good 

agreement with the literature value of pH 6-7.55 The immobilized samples vary to some 

extent from free enzymes as they show better pH stability and have a broader range of 

optimum pH from 6-9. They maintained relatively high activities over a wide pH range. 
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Below pH 6 however, their activities dropped as the pH decreased, similar to that seen in 

free enzymes. In previous research, it has been seen that with respect to free enzymes, 

sol-gel-immobilized enzymes often exhibit different optimal pH and pH activity 

profiles.2,56 This could be due to a combination of a few factors, such as the degree of 

interactions between the guest enzyme molecules and the host sol-gel matrix. It also 

could be that the possible pH profile near the encaged HRP is different from the pH of 

the buffered assay solution as seen in the effect of [H2O2]. These observations were in 

agreement with previous work using a series of acid-base indicators to probe the local pH 

inside sol-gel materials. It was indicated that the pH in the pore could be up to one pH 

unit lower than that in the aqueous buffer solution.18 

6.4.5 Thermal Stability of Encapsulated HRP Enzymes 

Thermal stability of free and immobilized HRP fiber samples were studied by 

subjecting the samples to varying temperatures from 25 to 80 oC for 30 min. In a typical 

procedure, approximately 3 mL of 0.5 mg/mL of HRP/buffer solution was taken in a test 

tube, and heated to 80 oC for 30 min in a water bath. The test tube was then cooled to 

room temperature and after 20 min; the solution was tested for catalytic activity using 

similar method as stated previously. A similar procedure was used to test the activity of 

EIMSF.  Approximately 5 mg of fibers (containing 0.5 mg of enzyme) were first washed 

in buffer to extract out the template. The fibers were then centrifuged out, immersed in 

fresh buffer solution, heat-treated in a water bath to the desired temperature, centrifuged 

again, re-suspended in fresh buffer solution and then tested for enzyme activity. The free 

enzymes showed a drastic drop in activity (Figure 6- 10) from 100% at 25 oC to only 

10% its original value at 80 oC. On the other hand, enzyme immobilized fibers showed 
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retention of its original activity and a slow drop in activity with increase in temperature. 

Another interesting point to note was that, as the temperature was increased from 25 to 60 

oC, the activity actually shot up above its original 100% value as seen in Figure 6-10. 

This phenomenon was also seen previously in enzymes immobilized in other sol-gel 

materials, which could be due to the better interaction of enzymes with the substrate.57  

When comparing the activity of 0, 20 and 40EIMSF, nonporous fibers (0EIMSF) 

showed better stability compared to 20 and 40EIMSF.  In general, a remarkably 

improved thermal stability of fiber-immobilized HRP may be the result of reduced 

deactivating or denaturing thermal motion of the protein molecules in the restrained host 

cages during the thermal treatment.37 The restricting local environment helps the protein 

molecules maintain an active state when subjected to higher temperatures.58 

6.4.6 Enzyme Leakage and Reusability of EIMSF 

The enzymatic activity test of the wash solutions (solution used to extract out the 

templates form the fibers) gives the efficiency of encapsulation or the relative amount of 

unbound, loosely trapped, leached, or surface-absorbed HRP in fibers. The wash 

solutions were obtained from washing the as-synthesized 0, 20 and 40EIMSF with 

sodium phosphate buffer and collected by centrifugation to separate out the washed 

fibers. The washed solution thus obtained was tested for activity using the same 

procedure explained previously for free-enzymes. The results showed that there was no 

enzymatic activity in the wash solutions. This proved the complete entrapment of HRP in 

the porous fibers, including fibers containing 40% of glucose and having relatively large 

surface area and pore diameters (Table 6-1). Furthermore, complete entrapment of HRP 

within porous fibers, instead of surface adsorption, was supported by the observations 
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that no enzyme activity was found in the assay solution, once it was separated from HRP-

containing fibers at the end of the assay. It is important to ensure that no dissolved or free 

enzyme is present in the assay system, while evaluating an immobilized enzyme activity; 

otherwise, the dissolved enzyme will give higher but false remaining activity. The results 

of enzyme leaching tests demonstrated that the templated sol-gel bio-encapsulation led to 

complete encapsulation of HRP in porous fibers without enzyme leakage. The relatively 

small template molecules were readily removed from the composite fibers by water 

extraction. The protein macromolecules could not diffuse out of the porous matrix, 

however, even though both the enzyme and the template were physically entrapped in the 

pores of the sol-gel materials without forming primary bonding with the sol-gel network. 

The entrapped HRP has a Stokes diameter of 60.6 Å,34 which is larger than the pore 

diameter of the hybrid matrix. During the template extraction, the protein molecules tend 

to relax or unfold partially, causing the enzymes to be lodged inside the pores.  

Another important test was to study the reusability of the enzyme-immobilized 

fibers (Figure 6-11). Even though enzymes and proteins have excellent catalytic and 

sensor properties with several potential applications, utilizing these enzymes in large 

scale is extremely expensive. Hence, immobilizing the enzymes and reusing these 

enzymes is of utmost importance. Free enzymes do not have a good potential capability 

of being used in catalytic applications. The EIMSF mats electrospun in this study have a 

very high potential of being used in biosensor applications, because of their flexible, 

sensitive and reusable capability. These fibers were tested for reusability by testing the 

enzyme activity of the same fiber sample 5 times, by washing the fiber samples with 

buffer solution every time an activity test was completed. The retention of activity in the 
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fifth cycle was found to be up to 90% of the activity in the first cycle, for all of the 

immobilized fiber samples as seen in Figure 6-11. 

6.5 Conclusion 

In conclusion, for the first time, mesoporous silica based nanofibers have been 

fabricated and employed as a matrix for the immobilization of enzymes via a simple 

electrospinning method. The drastically improved features and versatility of this 

technique represent a huge step towards the biosensor and biocatalytic applications. The 

HRP-containing fibers have excellent thermal stability and high apparent catalytic 

activity, over a wide range of pH. The apparent activity of entrapped HRP was closely 

associated with the concentration of glucose in as-spun fibers. The mesoporous silica 

fibers, with pore parameters tunable by adding varied amounts of glucose, not only 

effectively retained the enzyme without leaching, but also controlled the mass transfer of 

the reactants into and products out of the matrix. The enzyme-immobilized samples 

produced by electrospinning took just a few minutes to dry compared to 20 days of 

tedious drying procedure, which is required for conventional enzyme immobilized sol-gel 

materials. As a result, HRP immobilized in templated mesoporous fibers showed 

significant enhancement of the apparent activity, which was three orders of magnitude 

greater than that of the non-templated, conventional microporous silica materials 

synthesized without adding the template (Table 6-1) and two orders of activity greater 

than HRP-immobilized silica powders.57 Finally, due to the nanometer dimensions, silica 

fiber mats were quite flexible, unlike sol-gel silica in the form of small discs, films or 

powders, thus contributing further towards the biocatalytic applications.  
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Table 6-1. Material and activity parameters of free and HRP immobilized mesoporous 
silica fibers (EIMSF). 
 
 
 

 

 

 

 

a0, 20 & 40EIMSFs are fibers containing 0, 20 and 40 wt% glucose; 96, 76 & 56 wt% 
silica, constant 4 wt% of PVA, and HRP. Control samples (1) 40EIMSF2 is similar to 
40EIMSF except for the average fiber diameters; (2) 40EIMSF (NoPVA) is similar to 
40EIMSF except for absence of PVA and (3) 40EIMSF (NoHRP) is similar to 40EIMSF 
except for absence of HRP. bTheoretical value from the composition of the 
electrospinning mixture. cThe wt% of silica content in the EIMSF measured 
experimentally at 800 oC in air using thermogravimetric analysis. dVm and Km values for 
template-extracted EIMSF were obtained from Lineweaver-Burk plots using initial 
velocities at [H2O2] = 0.1-1.0 mM. eRemaining activity of HRP encapsulated fibers after 
heating test tubes of free and fiber immobilized enzymes in phosphate buffer (pH 6.5) at 
60 oC for 30 min in a water bath. fSpecific surface area values for template-extracted 
fibers, gPore volume obtained at relative P/P0 ≈ 1 and hPore diameter of the mesopores in 
the fibers are determined from adsorption-desorption isotherms. iAverage diameter of 
EIMSF obtained by measuring about 500 fibers of a single sample from SEM 
micrographs.   
 

 

SiO2 (wt%) Vm
d Km

d TSe SBET
f VSP

g DBET
h Av diai 

sample IDa calcdb exptc mg-1 
min-1 

mmol 
L-1 (%) m2 g-1 cm3 g-1 Å nm 

Free HRP ---- ---- 500 0.65 50 ---- ---- ---- ---- 
0EIMSF 96 92 63 0.3 300 80 0.004 7 500 
20EIMSF 76 74 163 0.56 108 224 0.1 26 350 
40EIMSF 56 55 227 0.62 97 500 0.2 38 100 
40EIMSF2 56 57 210 0.60 95 450 0.3 35 200 
40EIMSF 
(NoPVA) 60 59 220 0.59 90 420 0.2 29 400 

40EIMSF 
(NoHRP) 56 54 ---- ---- ---- 490 0.2 35 110 
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Figure 6-1. Enzyme activity assay of template-extracted EIMSF in colorless reagent 
mixture [phosphate buffer, phenol (PhOH), 4-aminoantipyrine (4-AAP, colorless dye) 
and H2O2]. The enzyme present inside the porous fibers converts H2O2 to water, in the 
process converting 4-AAP to quinoneimine (red colored dye). 
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Figure 6-2. Represents the formation of a colored compound, N-antipyryl-p-
benzoquinoneimine, during the HRP-catalyzed activity assay, λmax=510nm. 
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Figure 6-3. Scanning electron micrographs of EIMSF containing, a) 0 wt% glucose (scale 
bar: 10 µm); b) 20 wt% glucose (scale bar: 10 µm) and c) 40 wt% glucose (scale bar: 1 
µm). d) 40 wt% glucose extracted fibers (scale bar: 2 µm). Inset shows the internal 
surface morphology of the fibers at macroscopic level. 
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Figure 6-4. Fourier transform infrared spectroscopy (FTIR) of EIMSF containing, a) 0 
wt% glucose (0EIMSF); b) 20 wt% glucose (20EIMSF) and c) 40 wt% glucose 
(40EIMSF). d) 40 wt% glucose extracted fibers (washed 40EIMSF). 
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Figure 6-5a. Thermogravimetric analysis (TGA) profile for glucose, PVA, as fabricated 
EIMSF and template-extracted EIMSF. 
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Figure 6-5b. Thermogravimetric analysis (TGA) derivative peaks showing maximum 
degradation temperature for glucose, PVA, as-fabricated EIMSF and template-extracted 
EIMSF. 
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Figure 6-6a. N2 adsorption-desorption isotherms at -196 °C for the porous template-
extracted fibers synthesized in the presence of 20 and 40 wt% glucose. Control sample is 
synthesized without adding the template and enzymes. 
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Figure 6-6b. The BJH desorption pore size distributions from the N2 desorption isotherms 
for the HRP-containing fiber samples synthesized in the presence of 0-40 wt% glucose. 
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Figure 6-7. Low-resolution transmission electron micrograph (TEM) of a cluster of 
template-extracted cross-sectioned 40EIMSF, scale bar: 0.30 µm. High resolution TEM 
of the same, scale bar; 40 nm. The light features in the micrograph represent 
interconnected mesopores and channels. 
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Figure 6-8a. Effect of the concentration of hydrogen peroxide, [H2O2], on the activity of 
free HRP at pH 6.5. 
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Figure 6-8b. Effect of the concentration of glucose and [H2O2] on the apparent activity of 
the porous fiber-immobilized HRP at pH 6.5. 
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Figure 6-8c. Effect of the concentration of glucose on the apparent activity of the fiber-
immobilized HRP. The straight lines on the Lineweaver-Burk plots were best-fit using 
linear regression, from which the Vm and Km values were derived. 
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Figure 6-9a. Effect of pH on the activity of free HRP at [H2O2] of 2 mM. 
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Figure 6-9b. Effect of the pH on the activity of fiber-immobilized HRP samples 
synthesized in the presence of 0-40 wt% glucose at [H2O2] of 2 mM. 
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Figure 6-9c. Effect of the pH on the activity of free and fiber-immobilized HRP samples 
synthesized in the presence of 0-40 wt% glucose after normalization. 
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Figure 6-10. Thermal stability of free and immobilized HRP. Samples were treated under 
25-80 °C for 30 min; the activity of HRP at 25oC is 100%. 
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Figure 6-11. Catalytic activity cycle test to determine the efficiency of reusability of 
enzyme-encapsulated fiber samples. 
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Chapter 7: Electrospinning of Silica Nanofibers Containing CdSe/ZnS Quantum 
Dots 

 

7.1 Introduction 

An attempt is made to form linear arrays of quantum dots (QD) by encapsulating 

them into electrospun silica nanofibers. A detailed explanation of the research directed 

towards finding a compatible silica precursor and polymer additive to spin QD-

encapsulated silica nanofibers is discussed.  The electrospun fibers thus developed were 

then characterized using microscopic and spectroscopic instruments. The nanofibers 

contribute immensely to the extensive research being conducted in developing QD 

composite materials that could be utilized in optoelectronic, telecommunication, laser and 

optical sensor applications.1-4 

7.1.1 What are Quantum Dots (QD)? 

A QD, also called a semiconductor nanocrystal or artificial atom is a 

semiconductor nanocrystal whose size is approximately 2 to 10 nm.5,6 Each QD might 

contain anywhere from 100 to 1000 atoms. If 10-nm-sized QD’s are lined up together, 

about 3 million of them could easily fit within the width of a thumb. QD’s have discrete 

energy levels, which are similar to that of atoms. The energy levels can be controlled by 

changing the size and shape of the QD.7-9  

One unique and very interesting property of QD’s is that, the same set of 

materials can be used to tune the optical response, absorption, and emission, within the 

IR to UV range specifically, with the key parameter being the size of the QD.10,11 Thus, 

for example, 1.9 nm sized CdSe/ZnS QD’s fluoresce in the blue region and the same 

CdSe/ZnS QD’s when synthesized in the 5 nm size range will fluoresce in the red region 
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(Figure 7-1). Larger the QD, the redder the fluorescence, and the smaller the dots bluer in 

color they are.12 The coloration is not related to the chemical nature of the specific 

material, it is directly related to the size of the QD or more specifically related to the 

energy levels of the QD. Quantitatively speaking, the bandgap between the energy levels 

is what determines the color of the fluoresced light, which is inversely proportional to the 

square of the size of the QD.13 Hence, the QD’s which are larger, have more closely 

spaced energy levels, allowing the QD’s to absorb photons containing less energy (those 

closer to the red end of the spectrum). The ability to control the band gap (size of QD) 

provides a high degree of tenability in novel and non-traditional semiconductor 

applications. 

7.1.2 Synthesis and Kinds of QD’s 

Epitaxy,14,15 lithography,16,17 and colloidal synthesis18-20 are the three main 

methods used to synthesize QD’s. Self-assembled quantum dots nucleate spontaneously 

on a substrate under certain conditions during molecular beam epitaxy and metallorganic 

vapor phase epitaxy on a material that is not lattice matched.17,21,22,23 The islands can then 

be subsequently buried to form the quantum dot. By far the cheapest method of QD 

synthesis is the colloidal synthesis, due to the advantage of being able to occur under 

bench top conditions, and it is stated as being the least toxic of all the different forms of 

synthesis. 

Some of the most common QD’s available in the market toady are the cadmium 

selenide (CdSe)4,10,11 and core-shell cadmium selenide/zinc sulfide (CdSe/ZnS) QD’s.24-26 

Core-shell QD’s (e.g., CdSe/ZnS) are protected QD’s, where a very thin (often one to two 

atomic layer) coating (ZnS) is present on top of the core QD, which improves the stability 
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and fluorescent brightness. The shell also removes defects, adding strength to the QD’s 

and preventing natural degradation. Depending on the size of the CdSe/ZnS QD, the 

emission range can be anywhere between 490 to 620 nm. QD’s with emissions near 

infrared regions, e.g., lead sulfide (PbS) or lead selenide (PbSe), are also synthesized with 

emission range between 850 to 2350 nm. Table 7-1 gives a more detailed description of 

some of the common QD’s and their properties.27-31 

7.1.3 Applications of QD’s 

Being quasi-zero dimensional, quantum dots have a sharper density of states than 

higher-dimensional structures. As a result, QD’s have superior transport and optical 

properties, which are further being researched for use in diode lasers, amplifiers, and 

biological sensors.1,12,32,33 QD’s have quickly found their way into homes in many 

electronic goods. The new PlayStation 3 and high-definition DVD players (notably Blue-

ray and HD-DVD) in the market recently, use a blue QD laser.34-36 Another innovative 

application of QD’s is also being researched as potential artificial fluorophore for intra-

operative detection of tumors using fluorescence spectroscopy.37 For all the above-

mentioned applications, one important concern is to protect the QD’s from degrading 

during use. QD’s in general are very sensitive to moisture, methanol, etc. Some organic 

solvents that have been used to suspend these QD’s as colloidal solutions are toluene, 

chloroform and hexane. Research on encapsulating QD’s into materials (e.g., polymers, 

epoxy resins and silicones) for engineering QD-based materials and bridging them into 

macro-world applications has been pursued. Most importantly the encapsulated QD’s 

have shown to be well protected, which then could be handled with ease.38-41 
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7.1.4 Obtaining Linear Arrays of QD’s 

It has been discovered that one-dimensional chains or linear assemblies of QD’s, 

characterized by a certain degree of spatial and energetic disorder, may give rise to 

interesting optical phenomena such as localization effects for electromagnetic fields.8,42 

The Anderson localization phenomenon is known from electron transport, which involves 

a disorder-induced transition from a classical diffusion behavior (Ohms law) to a 

localized state (insulator).43,44 This effect originates from the interference of electrons 

subjected to multiple scattering by defects. A similar effect is expected to take place for 

electromagnetic waves,45 that is, localized wave functions are predicted to exist. Systems 

that should display such effects, according to theory, are linear arrays of quantum dots or 

quantum films.46,47 These effects are furthermore predicted to depend on the distance 

between the quantum structures along the chain, on their energetic disorder, related to the 

size distribution, as well as to the spatial disorder. A major step towards studying such 

phenomena and towards possible applications consists of devising preparation methods, 

allowing one to come up with stable arrays of quantum dots that might in addition be 

integrated into specific devices. The basic concept is to incorporate quantum dots into 

appropriate silica matrices and to prepare nanofibers (infinitely long) from such 

compound systems, for applications in telecommunication, sensors, low cost optical 

amplifiers, high speed and broadband fiber systems.48,49  

There has been limited work done on encapsulating QD’s in nanofibers. Recently, 

due to the above-mentioned applications, attempts are being made to obtained linear 

arrays of QD’s. Chae et al.61 in 2005 successfully encapsulated QD’s in self-assembled 

silica composite fibers using porous alumina as the template. Schlecht et al.8 recently 
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(2006) encapsulated QD’s in polymer nanofibers using an electrospinning technique. 

There has been no research reported on encapsulating QD’s in electrospun silica 

nanofibers. Using silica as the composite material for encapsulating nanofibers helps 

protect the QD’s from high temperature and strong chemicals. The QD encapsulated 

silica nanofibers electrospun in this section are in the range of 50 to 250 nm. Stable 

arrays of QD’s in the fibers without any aggregation were achieved. There were no 

adverse effects in the photoluminescence properties of encapsulated QD’s. The silica 

fiber mats thus produced were white in color and were flexible and easy to handle. 

7.1.5 Electrospinning 

Electrospinning is one such method that could be used in producing infinitely 

long silica nanofibers containing QD’s. Electrospinning involves the application of a 

strong electric current to a viscous solution collected in a glass pipette. The solution 

forms a droplet at the tip of the pipette, which deforms into a Taylor cone.50 A charged jet 

of spinning solution then ejects out of the Taylor cone and is deposited in the form of 

fibers onto a copper plate or a rotating metal drum collector.51-53  

Some of the factors that affect the distribution of QD’s in the fibers include 

diameter of the fiber, morphology of the fiber, chemical nature of the spinning solution 

(including the type of silica precursor used), and the size of the QD’s used. To obtain 

linear arrays of quantum dots in the fibers, the fiber diameter of around 10 to 100 nm 

have to be approached. Some of the methods that could be used to induce QD alignment 

in the fibers include, charge effect, rapid shear flow effect (analogues to river flow), self-

elongation of the spinning solution into fibers and mechanical stretching of the fibers 

using rotating drum collectors. 
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7.2 Experimental Section 

The two main steps involved in the fabrication of silica/QD composite nanofibers 

are the preparation of the spinning solution and electrospinning of silica nanofibers 

containing relatively ordered QD’s.  Scheme 7-1 represents a detailed procedure for 

producing silica/QD nanofibers. 

Electrospin QD/Silica 
solution into fibers

TEOS* + H2O + THF$ + HCl
(1: 4: 2.5: 0.001)

Add 2 wt% PMMA# in 
Toluene

Stir for 30 min 

Add 1 to 2 wt% of QD in 
Toluene Solution

Stir for 5 min

Stir for 5 min

Electrospin QD/Silica 
solution into fibers

TEOS* + H2O + THF$ + HCl
(1: 4: 2.5: 0.001)

Add 2 wt% PMMA# in 
Toluene

Stir for 30 min 

Add 1 to 2 wt% of QD in 
Toluene Solution

Stir for 5 min

Stir for 5 min

 

Scheme 7-1. Fabrication of quantum dot encapsulated silica nanofibers. * TEOS 

(tetraethyl orthosilicate), $ THF (tetrahydrofuran), # PMMA (Mw 350,000). 

7.2.1 Materials and Reagents 

Tetraethylorthosilicate (TEOS, 98%), reagent grade tetrahydrofuran (THF, 

99.9%), chloroform (CHCl3), toluene, hydrogen chloride (HCl, 2 M solution in water), 

toluene, poly-methyl methacrylate (PMMA, Mw 350,000) and poly vinyl alcohol (PVA, 

Mw 80,000) were all purchased from Sigma-Aldrich Chemical Co. and used as received. 

Two colors of CdSe/ZnS core shell quantum dots selected from opposite ends of the 
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available wavelength (Figure 7-1), a) Lake Placid Blue QD in toluene, with absorbance at 

462 nm, emission at 484 nm, diameter of the QD around 1.9 nm and b) Maple Red-

Orange QD in toluene, with absorbance at 598 nm, emission at 614 nm and diameter of 

approximately 5.2 nm, were purchased from Evident Technologies, NY.28 Table 7-2 

gives complete specifications of these QD’s. 

7.2.2 Preparation of Electrospinning Solution 

Tetraethyl orthosilicate (silica precursor) was first hydrolyzed by mixing water, 

HCl (2 M, acid catalyst) and THF solvent in the molar ratio of 1:4:2.5:0.001. The 

solution was initially cloudy, but turned clear after 30 min of continuous mixing and 

complete hydrolysis of TEOS (Scheme 7-2). The hydrolyzed sol has low viscosity and 

molecular weight and hence, forms drops rather than fibers during electrospinning. A 

certain amount of 15 wt% PMMA/toluene solution was then added to the hydrolyzed sol 

with continuous mixing in a 2:8 solution mass fraction, respectively. Two sets of fibers 

were then spun by adding 0.1 wt% of Maple Red-Orange or 0.05 wt% of Lake Placid 

Blue with respect to the weight of the final fibers. In a typical procedure, 3.85 g of TEOS 

was mixed with 1.25 g of water, 4 g of THF and 0.001 ml of 2 M HCl with constant 

stirring. After the hydrolysis of TEOS, about 2 g of PMMA/toluene solution was added 

under constant agitation. The solution was viscous and clear in nature. About 0.4 ml of 

Maple Red QD’s in toluene solution (180 µg/nmol) or 1.8 ml of Lake Placid Blue QD’s 

in toluene solution (2.7 µg/nmol) were then added to the above solution and mixed for 5 

min to produce the final spinning solution. 
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7.2.3 Electrospinning of Silica Nanofibers Containing QD’s 

The above mentioned silica sol containing the PMMA additive and QD’s was 

then placed inside a glass pipette with a tip opening of approximately 0.5 mm. An electric 

field of 20 kV (Gamma High Voltage Research D-ES30) was applied by dipping a 

charged copper wire directly into the spinning solution. A grounded aluminum plate or 

rotating drum placed at a distance of 20 cm from the tip of the pipette was used as a fiber-

collecting device.  Under the electric field, a droplet suspended from the tip of the pipette 

acted as the feed source from which a charged jet of hydrolyzed TEOS/PMMA/QD sol 

solution was ejected out in the form of nanofibers. The small amounts of THF and 

toluene present in the spinning solution evaporated out during fiber formation. The two 

sets of silica fibers containing 0.1 and 0.05 wt% of red and blue QD’s, respectively, were 

thus synthesized. 

7.2.4 Metal Plate and Rotating Drum Fiber Collector  

Initially, a grounded metal plate was used to collect the electrospun nanofibers. 

The fibers obtained by this method were irregularly distributed in the form of nonwoven 

mats. To induce alignment of QD in the electrospun nanofibers, a method of 

mechanically stretching partially dry fibers and collecting ordered fibers was used. To 

accomplish this, a grounded metal rotating cylinder was placed horizontally to the tip of 

the glass pipette so that the fibers could be collected along the circumference of the 

cylinder (Figure 7-2). The general rule is that to obtain aligned fibers the speed of the 

rotating cylinder should be at a higher speed than the speed at which the fibers jet out of 

the syringe.54 Hence, a speed of about 4500 rpm was used, which not only aligned the 

fibers but also mechanically stretched them during the process of collection. 
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7.3 Instrumentation 

An environmental scanning electron microscope (ESEM, Phillips XL-30), equipped with 

an energy dispersive X-ray analyzer (EDX) was used to analyze the diameter and the 

surface morphology of the electrospun fibers. The average diameter of the fibers was 

obtained by measuring about 100 fibers from the SEM micrographs. The fluorescence 

emission (FE) spectra of the QD-immobilized fibers were obtained using a fluorescence 

spectrophotometer (Perkin-Elmer, Model-1000). The fibers to be analyzed were spun 

directly onto Quartz glass slides, which were used as sample holders for the FE 

experiments. UV-vis absorbance spectroscopy (Perkin-Elmer λ2S) was used to detect the 

emission spectra of the QD-immobilized fibers. The pure blue and red QD/toluene 

solutions were used as control samples. Fluorescent images of the QD-containing 

electrospun nanofibers were also acquired using a Leica DMRX microscope equipped 

with a near UV filter cube. A transmission electron microscope (TEM, JEOL 2010F) was 

used to study the encapsulated QD’s inside the fibers. The samples for TEM analysis 

were obtained by directly spinning the fibers onto a lacy carbon coated 200 mesh copper 

grid. 

7.4 Results and Discussion 

As stated previously, two sets of fibers containing red and blue QD’s were 

electrospun. The distance between the tip of the pipette and the fiber collector was kept at 

a constant of 20 cm. The voltage applied to the spinning solution also was kept at 20 kV. 

Several factors affecting the morphology of the fibers, diameter of the fibers, and 

distribution of QD’s inside the fibers were studied. An attempt to align QD’s at the 

nanoscale level was also made. 
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7.4.1 Effect of Silica Precursor on Silica/QD Nanofibers 

CdSe/ZnS nanocrystals are relatively stable QD’s that can be easily suspended in 

organic solvents and can withstand temperatures up to 65 oC. The outer core of the QD 

(ZnS) acts as a protective covering, which makes the QD more stable.55,56 In spite of this 

added advantage, encapsulating evenly distributed individual QD’s in composites is a 

challenge, due to the aggregation of QD’s in water, methanol, or at high temperature. The 

aggregation further causes drastic decrease in emission, fluorescence lifetime, and 

excitation.57,58 Hence, solvents and silica precursors needed to spin QD solutions have to 

be carefully selected to avoid aggregation.  

 

HCl/THF/H2O

- ROH
Si

OR

ORRO

OR

Si

OH

OHHO

OH

R = C2H5   (Tetraethylorthosilicate)

R = CH3    (Tetramethylorthosilicate)  

Scheme 7-2. Hydrolysis of silica precursor. 

Initially, TMOS was selected as the silica precursor to spin QD composite 

nanofibers. During hydrolysis of TMOS, methanol was formed as a byproduct (Scheme 

7-2). As soon as the QD solution was added into the methanol-containing spinning 

solution, QD aggregation occurred. Hydrolysis of TEOS, on the other hand, produces 

small amounts of ethanol as byproduct. Ethanol in small amounts does not degrade or 

aggregate QD’s, and thus can be used to spin silica fibers. Figures 7-3a and 7-3b 

represent the SEM micrographs of the nanofibers formed using TMOS and TEOS silica 
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precursors, respectively. The fibers formed using TMOS were rough, showed beaded 

morphology and were large, with diameters ranging from 1 to 5 µm. All these features 

might be attributed to the aggregation of QD’s in the fiber. On the other hand, fibers 

formed using TEOS were relatively smooth and devoid of beads. The diameter of the 

fibers ranged form 50 to 250 nm. 

7.4.2 Effect of Polymer Additive on Silica/QD Nanofibers  

Hydrolyzed TEOS sol has a very low viscosity, which is too low to spin fibers. 

Individual hydrolyzed TEOS sol molecules are relatively small and cannot entangle with 

each other to extend into a fiber during spinning. Attempts made to spin the pure 

hydrolyzed silica with QD’s formed drops rather than fibers. Thus, a polymer additive 

(e.g., PMMA) was added to the hydrolyzed sol to increase the viscosity of the solution. 

Polymer additives usually interact with the hydrolyzed sol via hydrogen bonding. The 

polymer chains also tend to entangle with each other causing an increase in the viscosity 

of the spinning solution, and hence assist in easy spinning of fibers.54  Search for a 

polymer additive that would assist in spinning silica fibers without causing QD 

aggregation was conducted. Figure 7-4 gives a detailed list of polymer solutions added at 

different ratios to the silica precursor, with SEM micrographs that were studied in the 

pursuit of finding the ideal polymer additive. 

15 wt% of poly (vinyl alcohol) (PVA) dissolved in various solvents were added 

dropwise into hydrolyzed TEOS solution in 1:9, 2:8 and 3:7 mass fractions (Figure 7-4). 

PVA was found to be less compatible with hydrolyzed sol solution, causing the polymer 

to precipitate out of the spinning solution. Next a more compatible and easy spinning 

polymer PMMA was tested. PMMA polymer is easily soluble in THF, toluene, or 
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chloroform. 15 wt% PMMA polymer solutions prepared using the above mentioned 

solvents were then added to the hydrolyzed silica sol in 1:9, 2:8 and 3:7 mass ratios. As 

the amount of PMMA was increased from 1 to 3 mass fractions, the viscosity of the 

spinning solution also increased, causing the fibers to become thicker. In the end 15 wt% 

PMMA/toluene (at the ratio of 2:8) was found to be the most compatible polymer 

additive. The fibers formed were smooth in texture (Figure 7-4), with fiber diameters of 

50 to 250 nm. 

7.4.3 Effect of QD Size on Silica/QD Nanofibers 

Two sets of silica/QD fibers were spun using 0.1 wt% of Maple Red-Orange and 

0.05 wt% of Lake Placid Blue QD’s, with respect to the final wt% of fibers. An important 

point that needs to be kept in mind is that even though the volume/mass ratio of fibers is 

very large, the actual amount of QD needed to obtain good fluorescence emission from 

encapsulated QD fiber composites is very small. The average diameter of the red and the 

blue QD’s purchased from Evident Tech. is around 5.2 nm (0.0027 g of QD’s/mL of 

toluene) and 1.9 nm (0.00036 g of QD’s/mL of toluene), respectively. On average, the 

weight of QD’s present in 1 ml of red QD/toluene solution is much higher than the 

weight of blue QD’s. Initially an attempt to obtain 0.1 wt% of blue QD’s, with respect to 

the final weight of fibers, was made by adding a higher volume of blue QD/toluene 

mixture into the spinning (hydrolyzed TEOS/PMMA) solution. This caused the 

electrospun fibers to be rough and beaded in morphology (Figure 7-5). When the wt% of 

blue QD’s was dropped down to 0.05 wt%, much smoother and cylindrical fibers were 

obtained (average diameter of 250 to 400 nm). The loading of red QD’s on the other hand 

could easily be pushed up to 0.1 wt% with respect to the final weight of the fibers, 
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obtaining smooth cylindrical nanofibers with average nanofiber diameter of 50 to 250 nm 

(Figure 7-5). 

7.4.4 Attempts to Obtain Linear Arrays of QD in Silica Fibers  

In recent years, research on obtaining composite fibers containing metal 

nanoparticles, magnetic nanoparticles, carbon nanotubes (CNT), minerals, enzymes, etc., 

has been actively pursued.59,60 Work on obtaining aligned CNT and polymer crystals 

inside the electrospun fibers has also been extensively studied by Ko et al.60 (Figure 7-6). 

Three main factors that contribute to the alignment of nanomaterials inside fibers are: 1) 

the applied electric field present between the tip of the pipette and the collecting plate, 

which produces charge effects in the spinning solution and the fibers;  2) the shear flow 

rate of the spinning solution jetting out of the pipette (analogues to river flow and 

confinement effect that cause aliment of nanomaterials in the spinning solution); and 3) 

mechanical pulling of the fibers using a high speed rotating drum collector, causing the 

fibers to stretch and induce alignment of the fibers and QD’s present inside the fibers.  

Initially, a grounded metal plate was used to collect electrospun nanofibers. The 

fibers obtained by this method were irregularly distributed in the form of a nonwoven 

mat. On the other hand, nanofibers obtained using a metal drum collector were relatively 

aligned (Figure 7-7). The average diameter of the fibers collected on a flat metal plate 

was greater than 500 nm. When the fibers were spun using the rotating drum at 1000 rpm, 

the fiber diameter dropped to 400 nm. With further increase in the speed of the rotating 

drum to 4500 rpm, the fibers were mechanically stretched giving rise to aligned fibers of 

smaller diameter (less than 200 nm) with a more uniform distribution of QD’s. The 

number of irregularities and beads on the fibers also decreased drastically.     
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7.5 Characterization of Silica/QD Nanofibers 

The QD-immobilized nanofibers thus obtained were characterized to study the 

distribution of QD’s and to compare the efficiency of free and immobilized QD’s. 

7.5.1 Environmental Scanning Electron Microscopy (ESEM) and Electron 

Diffraction Spectroscopy (EDX) 

ESEM was used to study the external morphology and the diameter of the fibers. 

The electrospun nanofibers were placed on sample holders, with the help of a conducting 

carbon tape. The fibers were then sputter coated with a monolayer of platinum metal. The 

samples thus prepared were then subjected to a 20 kV electron beam to obtain ESEM 

micrographs. Elemental analysis of the fibers was also performed using EDX. Pure 

QD/toluene solution was used as a control sample that showed sharp and specific 

elemental peaks for Cd, Se, Zn and S. Elemental spectra for pure silica fibers shows sharp 

peaks for silica (Si) and oxygen (O). The QD encapsulated fibers showed peaks for Si, O, 

Cd, Se, Zn and S as seen in Figure 7-8. 

7.5.2 Fluorescence Emission (FE)  

Maple Red-Orange (red) and Lake Placid Blue (blue) QD immobilized silica 

nanofibers, pure silica fibers without QD, and pure QD/toluene solution were all 

subjected to UV-irradiation, and the emitted fluorescence was determined. Figures 7-9 

shows the fluorescence emission spectra (FE) of red QD/toluene solution and the red QD 

composite fibers respectively. An excitation wavelength of 300 nm was used. The red 

QD/toluene solution showed a sharp emission peak at 620 nm.27,28 The red QD-composite 

fibers also showed a sharp peak at around 616 nm. Fluorescence peaks for pure blue 

QD/toluene solution and blue QD-composite fibers are also shown in Figure 7-9. There is 



 

 

236

a sharp emission peak at 490 nm for pure blue QD,27,28 and another at 486 nm for blue 

QD-composite fibers was noticed. The quantum yield of pure QD in solution was around 

30 to 50%, which decreased to 20 to 30% when encapsulated in silica fibers. Pure silica 

fibers without QD, when excited at 300 nm, did not show any prominent emission peak 

between 400 and 700 nm. The above results imply that encapsulation of QD in the 

silica/PMMA fibers does not affect the photoluminescence properties of CdSe/ZnS 

quantum dots, which is a requirement for the target applications. 

7.5.3 Fluorescence Microscopy (FM) 

Fluorescence microscopy technique was used to obtain fluorescence images of 

QD encapsulated silica nanofibers. The composite nanofibers were spun directly onto 

quartz glass slides. Visible and UV light were used to obtain these images, as seen in 

Figure 7-10. The fibers fluoresced very strongly when exposed to UV light. The images 

were taken at 150x magnification. 

7.5.4 Absorption Spectroscopy 

The red and blue QD encapsulated silica fibers, pure red and blue QD/toluene 

solution and pure silica fibers were all subjected to absorbance from 400 to 700 nm 

wavelength. Figure 7-11 shows the absorption spectra for all the above-mentioned 

samples and controls. A sharp absorption peak at 610 nm was seen for both the free and 

immobilized red QD’s. An absorption peak at 470 and 468 nm for pure blue 

QD/toluene28 and blue QD composite fibers was observed. No absorption peak for pure 

silica fibers was observed within 400 to 700 nm wavelength. There is no change in the 

absorption values going from pure to encapsulated QD’s, which again proves that the 

silica/PMMA fiber does not decrease the efficiency of the immobilized QD’s. 
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7.5.5 Transmission Electron Microscopy  

The samples for obtaining TEM images were prepared by directly spinning QD 

encapsulated nanofibers on a 200 mesh copper grid. One of the difficulties in obtaining 

TEM images of encapsulated QD’s is the very small size of the dot, ranging from 1.9 to 

5.2 nm. Another disadvantage is the thick layer of silica/PMMA fiber, which hinders the 

electron beam from penetrating the fibers, which is required to obtain an image. Thus to 

obtain high-resolution images, the TEM needs to be operated at an high accelerating 

voltage of 300 kV, which causes the fibers to degrade if exposed for longer time periods. 

Figure 7-12 represents a TEM image of red QD-encapsulated silica fiber. The inset shows 

a high-resolution image showing arrays of QD’s obtained during electrospinning. 

7.6 Conclusion  

The main aim of this research was to encapsulate QD’s and attempt to obtain 

linear arrays of QD’s in silica nanofibers. Two types of ZnS-coated CdSe QD’s, 

fluorescing in two opposite regions of the spectrum (blue and red) were selected for 

encapsulation. Electrospinning was used to encapsulate these QD’s into silica nanofibers. 

A trail and error method was used to prepare a suitable spinning solution made up of a 

silica precursor, polymer additive and QD’s. Care was taken to avoid aggregation of 

QD’s in the fibers. Electrospun nanofibers were collected on metal cylindrical drums to 

induce mechanical alignment of fibers and encapsulated QD’s. The QD-encapsulated 

fibers were in the form of flexible white fiber mats that produced sharp emission in the 

400 to 700 nm wavelength region. These fibers not only protect the QD’s from moisture 

and temperature but also act as an excellent medium to link the nano world to the micron 
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world for potential applications in sensors, low cost optical amplifiers, high speed and 

broadband telecommunication, etc. 
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Table 7-1. Common types of quantum dots and their important applications.28  
 

 

 

 

 

 

 

 

 

 

 

 

 

type of QD emission 
range 

QD 
diameter 

range 

QD 
system 

Standard solvent example application 

 nm Nm    
CdSe 465 – 640 1.9 – 6.7 core toluene solar cells, LED’s 

CdSe/ZnS 490 – 620 2.9 – 6.1 core-
shell 

toluene visible fluorescence 
applications, 

electroluminescence, 
telecommunication 

CdTe/CdS 620 – 680 3.7 – 4.8 core-
shell 

toluene deep red fluorescence 
applications 

ZnSe 440 – 500 3 – 7 core dichloromethane telecommunication, sensors 
PbS 850 – 950 4.5 – 9 core toluene near infrared applications, 

security inks, solar cells 
PbSe 1200 – 2340 4.5 – 9 core hexane opto-electronics, optical 

switching, non-linear 
applications 
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Table 7-2. Complete specification of quantum dots used for encapsulation in silica 
nanofibers.28 
 

material 
system 

type color emission 
peak 

suggested 
excitation 

1st 
excitation 

peak 

crystal 
diameter 

molecular 
weight 

   nm Nm nm nm µg/nmol 
CdSe/ZnS core-

shell 
Lake 
Placid 
Blue 

490 <400 470  1.9  2.7 

CdSe/ZnS core-
shell 

Maple 
Red-

Orange 

620 <400 610 5.2 180 
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Figure 7-1. Different sized CdSe/ZnS quantum dots suspended in toluene solution. The 
same set of materials (CdSe/ZnS) can be used to tune the optical properties of the QD 
depending on the size of the QD. The blue (Lake Placid Blue) QD’s have an average 
diameter of 1.9 nm and the red (Maple Red-Orange) QD’s have an average diameter of 
5.2 nm. (http://www.evidenttech.com/qdot-definition/quantum-dot-introduction.php). 
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Figure 7-2. A schematic diagram of the grounded rotating metal cylinder for collecting 
electrospun nanofibers. 
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                                                                   (7-3a) 
 

 
 

 
 

(7-3b) 
 
 
 

Figure 7-3. Scanning electron microscopy images of QD-encapsulated silica nanofibers 
fabricated using (a) tetramethyl orthosilicate as the silica precursor (scale bar: 10 µm) and 
(b) tetraethyl orthosilicate as the silica precursor (scale bar: 10 µm). 
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type of 
polymer 
additive 

solventa wt% of 
PSb 

ratio of 
PS : solc 

observation ESEM image 

PVA water 15 1:9 polymer precipitation  
PVA THF 15 1:9 polymer precipitation  

PVA CHCl3 15 1:9 spinning solution gels  
PMMA CHCl3 15 1:9 solution dilute  
PMMA CHCl3 15 2:8 forms fibers with 

beaded morphology 

     
PMMA CHCl3 15 3:7 thick fibers 

     
PMMA THF 15 1:9 solution too dilute  
PMMA toluene 15 1:9 spins fibers with 

some beads 

     
PMMA toluene 15 2:8 spins smooth fibers, 

fewer beads 

     
PMMA toluene 15 3:7 very thick fibers with 

lots of beads 

     
 
Figure 7-4. A detailed list of the polymer additives and the concentration used to spin 
silica fibers. aThe solvent used to dissolve the polymer additive (tetrahydrofuran (THF) 
and chloroform (CHCl3)), bwt% of polymer solution additive and cthe mass fraction of 15 
wt% polymer additive solution to that of hydrolyzed silica sol (silica precursor used is 
TEOS). For this study, red QD’s (0.1 wt% with respect to the final weight of fiber) is 
added to the silica/PMMA solution before electrospinning. 
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                                 (7-5a)                                                              (7-5b) 
 
 

 
                                                                     
                                                                    (7-5c) 
 
 

 

Figure 7-5. Scanning electron microscope images of QD encapsulated silica nanofibers 
fabricated using (a) 0.1 wt% of Lake Placid Blue QD’s (scale bar: 10 µm), (b) 0.05 wt% 
of Lake Placid Blue QD’s (scale bar: 20 µm) and (c) 0.1% of Maple Red-Orange QD’s 
with respect to the final weight of the fiber (scale bar: 10 µm). 
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7-6a 

 

7-6b 

 

7-6c 

 
Figure 7-6. Alignment of a) nanoparticles and b) carbon nanotubes during electrospining 
and c) mechanical alignment of nanofibers using a rotating metal drum. 
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                                                                   (7-7a) 
 

       
 
                              (7-7b)                                                           (7-7c) 
 
 
 
 
Figure 7-7. a) Irregular, nonwoven fiber mates obtained by collecting the electrospun 
fibers on grounded flat metal plate (scale bar 10 µm), b) aligned nanofibers collected 
using a grounded metal cylinder rotating at 1000 rpm (scale bar 4 µm) and c) 4500 rpm 
(scale bar 400 nm). 
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                             (7-8a)                                                                (7-8b) 

                                                                     

                                                                    (7-8c) 

 

Figure 7-8. Elemental analysis (EDX) of (a) pure CdSe/ZnS quantum dots, (b) pure silica 
fibers without any QD’s and (c) silica fibers containing encapsulated QD’s. 
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+
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Figure 7-9. Fluorescence emission spectra of (a) pure Maple Red-Orange QD’s (620 nm), 
(b) silica nanofibers containing red QD’s (616 nm), (c) pure Lake Placid Blue QD’s (490 
nm), (d) silica nanofibers containing blue QD’s (486 nm), and (e) pure silica fibers 
without QD’s. 
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                           Visible light      UV light 

                                                              (7- 10a) 

    

                          Visible light                                                            UV light 

                                                                  (7-10b) 

 
 
Figure 7-10. Fluorescence microscopic images of silica nanofibers containing a) Maple 
Red-Orange QD’s and b) Lake Placid Blue QD’s (using visible light and UV light at 
150x magnification). 
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Figure 7-11. Absorbance spectra of (a) pure Maple Red-Orange QD’s (610 nm), (b) silica 
nanofibers containing red QD’s (610 nm), (c) pure Lake Placid Blue QD’s (470 nm), (d) 
silica nanofibers containing blue QD’s (468 nm) and (e) pure silica fibers without QD’s. 
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Figure 7-12. Transmission electron microscopic image of (a) red QD’s (size 5.2 nm) in 
silica fibers collected using a rotating metal cylinder. The arrows point to many more 
such arrays of QD’s. Scale bar: 200 nm. Insets show a liner array of QD’s, scale bar: 10 
nm. 
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Chapter 8: Conclusion and Future Work 
 

The focus of this research work has been to synthesize nanostructured materials 

for sensor, catalytic and reinforcement applications. The two elegant technologies that 

formed the foundation of this research work were 1) formation of pores in nanomaterials 

using a nonsurfactant templated technology and 2) electrospinning of nanofiber mats. 

Applying these two technologies separately or together, unique, commercially viable, and 

versatile products have been developed. Both the technologies worked in (symbiosis with 

each other and the products developed were tested for use in several potential 

applications. The research conducted in this dissertation strikes a fine balance between 

both developing technologies that would form the basis for fabricating highly efficient 

sensors and catalysts, and developing techniques to make these catalysts and sensors 

commercially viable. A short description of the technologies, their important features and 

drawbacks are stated. The goals that were accomplished by combining the technologies 

and the products that were developed are explained. Finally, the future direction of the 

research that would be required is explained. 

8.1 Formation of Porous Structures in Nanomaterials 

An innovative technology developed in our lab deals with the formation of 

mesoporous metal oxide (e.g., silica) materials using nonsurfactant templates as pore 

forming agents. Numerous nonsurfactants, such as glucose, fructose, and urea, have been 

used as templates and the effect of templates on the porosity and surface area has been 

studied. This technology took a huge step forward when the nonsurfactant templated 

silica materials were utilized to encapsulate biomolecules, such as enzymes and proteins. 

The materials thus produced showed great potential as catalysts and sensors. Further 
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research was conducted on testing the catalytic efficiency of the developed products. A 

patent on encapsulating biomolecules in the porous materials was issued in 2004. This 

technology was also used to study the folding and unfolding phenomena of proteins in a 

confined space (e.g., porous silica material) that contributes to the study of molecular 

interaction or behavior of biomolecules in various environmental conditions (e.g., when 

exposed to varying pH, chemicals, temperature). 

Some important features of this technology are 

• Versatility: this technology can be used to encapsulate virtually any 

biomolecule, metal nanoparticles and pharmaceutical products. 

• Efficiency: the biomolecules that are encapsulated using this technology 

maintain their viability and show high product efficiency. 

• Commercially viable: only few steps are involved in the development of 

the products and the raw materials used are not expensive.  

Even with such excellent features, this technology was still new, and a lot of work 

had to be done to understand its potential in the catalytic and sensor applications. Its 

adaptability to different applications has also been explored as seen in appendix A 

(hydraulic cracking, detergents, water purifications, etc.). Taking this technology from 

the research arena to the commercial realm is a huge step and extensive collaboration was 

needed. Some aspects of this technology, such as efficiency, number of steps involved in 

obtaining the final products, and the time required for drying the products, morphological 

compatibility of the samples to various applications, had to be drastically improved. A 

simple solution to all the above-mentioned challenges was sought. This lead to the 

research conducted in this dissertation, where the nonsurfactant-templated method of 
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pore formation was combined with another technology called electrospinning to form 

commercially viable sensors, catalysts and reinforcement material. 

8.2 Electrospinning 

Electrospinning is a technology used to create nanofiber mats. Several polymer 

and metal oxides fibers have been spun using this technology. Even though 

electrospinning was invented many years ago, the potential use of electrospinning in 

various applications was only realized recently. Some important features of this 

technology are: 

• Rapid formation of nanofibers with large surface area; 

• Room temperature nanofiber synthesis; 

• Versatile method, can be used to spin several polymer and metal oxide 

fibers; 

• Flexible fiber mats with high potential for reinforcement applications. 

Some fields in which these fibers were proposed to make a huge impact are health 

care (e.g., biodegradable bandages, patches for drug delivery and scaffolds for cell 

growth and implants), defense (e.g., sensors, wound or blood adsorbents and 

decontaminating materials) and as reinforcement material (fillers for dental materials, for 

glass panels and bullet shields). Electrospinning was thus combined with the sol-gel pore 

forming technology to obtain porous nanofibers for several catalytic and sensor 

applications. 

8.3 Products Developed 

A simple method of producing a highly efficient silver catalyst was accomplished, 

using the glucose-templated mesoporous silica material. A single step of soaking the 
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silica/glucose material in silver nitrate solution caused the reduction of silver nitrate to 

silver nanoparticles that were deposited inside the pores of silica material. The catalyst 

thus produced was economical and efficient. 

Organic/inorganic hybrid polymer was synthesized and spun into fiber mats. The 

factors affecting the diameter and morphology of the fibers were extensively studied. The 

fibers thus obtained were then used as reinforcements to increase the mechanical 

properties of dental materials. 

Silver and gold nanoparticle/silica composite nanofibers were produced by 

electrospinning polymer/silica fibers containing metal salts. The fibers thus produced 

were heat-treated, which caused the degradation of polymer and reduction of metal salt 

into nanoparticles, finally giving rise to porous silica/metal composite fibers. These fibers 

proved to have high catalytic activity and reusability. 

Enzyme-encapsulated porous nanofibers with excellent sensor and catalytic 

capabilities were developed. Here the nonsurfactant technology was used to form pores 

and electrospinning was used to spin fibers. The product showed high surface area and 

excellent enzyme activity. The fibers proved to have high chemical detection limits 

making it a good chemical sensor.  

An effort was made to align CdSe/ZnS quantum dots (2 to 5 nm) into silica 

nanofibers via electrospinning for applications in telecommunication, sensors and low 

cost optical amplifiers. 

Finally, several enzyme-immobilized porous composites were developed for 

companies to test the efficiency of these products and utilize in several interesting 

applications. Significant improvements were made on the basic sol-gel nonsurfactant 
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templated pore forming technology to obtain high efficiency products, catering to the 

specific applications required by our collaborators. 

8.4 Unique Goals Achieved 

The unique and important features that are accomplished by utilizing the 

nonsurfactant templated pore forming technology and electrospinning technology are: 

• High surface area samples obtained by pore formation using the 

nonsurfactant template method, plus electrospinning; 

• Increased enzyme viability and activity in nanofibers due to the rapid 

formation of nanofibers and solvent evaporation; 

• Rapid detection of hazardous chemicals and increased catalytic reactions 

(in a few seconds) achieved by easy interaction of enzymes and 

nanoparticles present inside the samples to the external reagents; 

• High stability of the encapsulated enzymes and nanoparticles to external 

changes in pH, temperature or chemicals; 

• Increased flexibility in product morphology from fine micron sized 

powders to nanofiber mats; 

• Economical due to the inexpensive raw materials and reusability of the 

products;  

• Easy scale up due to the simple steps involved in the sample formation. 

8.5 Future Direction 

 There is still some work that needs to be done in terms of bridging the two 

technologies with the aim of developing useful products: 
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• Immobilizing specific enzymes into porous silica nanofibers that could 

detect and decontaminate hazardous chemicals and nerve gas agents 

present in the atmosphere. The products thus developed could contribute 

to the increased safety in chemical plants, airplanes, etc. 

• Better control over the diameter of the nanofibers and bringing down the 

size of the fibers to nanometer levels (~ 50 nm), thus increasing the 

surface area of the fibers, which in turn increases the efficiency of the 

nanofibers for catalytic and sensor applications. 

• Increased alignment of quantum dots with smaller diameter of fibers 

• Further, increase in the mechanical properties of the dental materials by 

increasing the wt% of silica and fiber loading in the dental resin.     
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Appendix A: Work In Collaboration with Universities and Companies 
 

A.1 Abstract 

Research work conducted in collaboration with universities and companies is 

explained in this appendix. A brief introduction on each project along with an explanation 

on development of products is given. A part of the work stated in this section deals with 

the development of products for companies. Due to the confidential constraints, some of 

the work explained below is intentionally brief. The collaborative work explained below 

was based on a patented technology developed in our group.1,2 Using this technology 

nanoparticles and biomolecules were encapsulated in nonsurfactant templated 

mesoporous silica materials. 

The work explained in this section can be divided into two main sections 

• A.2 Encapsulation of manganese dioxide (MnO2) in nonsurfactant 

templated mesoporous silica materials (In collaboration with Princeton 

University) 

• A.3 Encapsulation of enzymes in nonsurfactant templated mesoporous 

silica materials (In collaboration with University of Pennsylvania and 

companies A, B and C). 

A.2 Encapsulation of MnO2 in Nonsurfactant Templated Mesoporous Silica 

Materials 

A.2.1 Introduction  

The aim of this project was to synthesize porous silica materials containing MnO2 

nanoparticles, which would oxidize atrazine (AT) (a harmful herbicide present in nature) 
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to less toxic byproducts. The samples thus synthesized were then sent to Princeton 

University for further tests.  

AT (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is the most common 

herbicide used for weed control on agricultural and non-agricultural lands.3 Such 

widespread use has resulted in frequent detection of AT in surface and groundwater’s of 

USA.4 The presence of AT in water is particularly disturbing given recent findings that 

AT have potentially carcinogenic effects.5 Frogs were reported to become hermaphroditic 

after being exposed at low ecologically relevant doses of the herbicide in the laboratory. 

Biological degradation of AT is well documented.6,7 Until recently,8 however, studies on 

the abiotic interactions of soil components with AT were generally limited to clay 

mineral catalyzed hydrolysis,9,10 and sorption reactions on clays,11,12 activated carbon,13 

and organic matter.14 Reactions such as these decrease the mobility of AT but do not 

necessarily degrade the herbicide to potentially less toxic forms to wildlife and humans. 

Manganese dioxide minerals, although generally present in small amounts (up to 1%), are 

common components of soils. Synthetic forms of such oxides are known to oxidize a 

number of organic compounds, e.g., phenols and aniline.15-17 The herbicides 2,4-D-(2,4-

dichlorophenoxyaceticacid) and AT are known to be oxidized by synthetic forms of the 

common soil component oxide mineral birnessite (δ-MnO2).8,18 The main interaction of 

AT with MnO2 takes place at the surface of MnO2 particles. Work on degradation of 

atrazine by MnO2 minerals other than birnessite has also been studied extensively by 

Shin et al.8,19 They tested the effects of MnO2 mineral type and surface area on atrazine 

transformation and reaction products. In this study, they observed partial degradation of 

AT in all four synthetic manganese oxides (δ-MnO2, β-MnO2, and two types of α-MnO2). 
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They also found that the surface area of MnO2 played a very important role in 

degradation of AT. Realizing the potential of MnO2 to degrade AT in the ground water 

and soil systems (without itself being toxic), research and methods have been proposed to 

synthesize and use synthetic MnO2 as a key decontaminating agent in regular ground and 

water basins.19  

The four important forms of MnO2 available in the market at present are 

pyrolusite (β- MnO2), birnessite (δ- MnO2), and cryptomelane type I and II (α- MnO2). 

The building block of all the types of MnO2 consists of MnO6 octahedra forming layers 

and channels. The main difference in all the different forms of MnO2 are the intercalated 

metal ions (e.g., Li+ , Na+ and K+) present between the layers of these octahedral sheets 

of MnO2.20 Many procedures have been developed for the synthesis of MnO2 using 

precipitation, ion exchange, hydrothermal routes, high temperature solid-state routes, 

etc.20-24 A classical method used for making sodium-birnessite is the oxidation of a 

Mn(II) salt, usually MnCl2 or MnSO4, with air, oxygen, or H2O2 in aqueous NaOH 

solution. The other common approach is the reduction of NaMnO4 or KMnO4 with 

fumaric acid or a reducing sugar (glucose) in an acid or neutral solution.22 Even though 

all these methods stated above are capable of producing relatively large amount of MnO2, 

the tendency of the MnO2 to aggregate extensively in the presence of high moisture 

content causes a drastic decrease in its efficiency as a catalysts.  

As stated previously the main oxidization and chemical reactions of AT and 

MnO2 take place at the surface of MnO2 particles. The surface area of the commercially 

available MnO2 was tested to be around 183 m2 g-1 for cryptomelane type II (α- MnO2), 

39 m2 g-1 for birnessite (β- MnO2), 32 m2 g-1 for cryptomelane type I (α- MnO2) and 0.2 
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m2 g-1 for pyrolusite (β- MnO2). Thus the surface area of most of the commercially 

available MnO2 is too low to be used as a catalyst for the degradation of AT.8,18  

Some work by Imperor-Clerc et al.,25 and Aronson et al.,26 directed toward 

synthesizing MnO2 in porous materials has been conducted towards increasing the 

surface area and protecting the MnO2 particles from aggregation. Continuing further on 

this direction research was conducted towards synthesizing MnO2 particles in porous 

silica materials. Two different approaches were taken for producing MnO2 silica 

composites. The samples thus produced were then sent to our collaborators for further 

characterizations and for testing the efficiency of the samples as catalyst for the reduction 

of AT to less harmful byproducts. 

A.2.2 Experimental Section and Observation 

The nonsurfactant templated method of synthesizing porous silica materials is a 

patented technology developed in our lab by Wei et al.2,27,28 It is a simple, bio-friendly 

and versatile method used to develop porous metal oxide (e.g., silica) materials using 

nonsurfactants such as glucose, fructose, urea, etc. Using the above stated technology two 

different approaches were attempted in synthesizing the final MnO2/silica composite. 

A.2.2.1 Materials and Reagents 

Tetraethyl orthosilicate (TEOS, 99%), hydrochloric acid (HCl, 1 M), β-D-glucose, 

potassium permanganate (KMnO4), aqueous hydrogen peroxide (H2O2, 10 wt%), urea 

(98%) were purchased from Sigma Aldrich (Milwaukee, WI). 

A.2.2.2 Reduction of KMnO4 to MnO2 using H2O2  

2KMnO4   +    H2O2  2MnO2  +  2KOH  +  O2
 

Scheme A.2-1. Reduction of potassium permanganate to manganese dioxide. 
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An attempt was made to synthesis MnO2 inside porous silica material by reducing 

KMnO4 to MnO2 using H2O2 as the reducing agent (Scheme A.2-1). Nonsurfactant 

templated silica samples were prepared using TEOS as the silica precursor in which 

water and small amounts of HCl catalyst was added to facilitate the hydrolysis of TEOS 

to form a sol. To the resultant TEOS sol were added various amounts of a 50 wt% 

aqueous urea solution. The urea-containing sol was homogeneous and the sol-gel 

reactions (i.e., further hydrolysis and polycondensation) proceeded at room temperature. 

Various amounts of KMnO4 were then added to the silica sol. The samples were allowed 

to gel and dry at room temperature for a few days until dry-semi-transparent, dark purple 

and monolithic urea and KMnO4-containing silica gels were obtained. A control sample 

containing 0 wt% of urea template was also synthesized (transparent in nature).  

 In a typical procedure to make 30 wt% urea templated and KMnO4 doped 

material, 9.64 g of TEOS was mixed with 1.6 g of water and 0.1 g of HCl (1 M) for 30 

min. TEOS hydrolyzed to give a clear solution. 2.4 g of (50 wt%) urea solution was then 

added with constant mixing for 5 min. Various amounts of 1 N aqueous KMnO4 solutions 

were then added to the sol with constant mixing (Table A.2-1). The solution is then 

allowed to gel and dry at room temperature for 10 days. The samples thus produced were 

immersed in 10 wt% H2O2 solution for 1 hour. 

A.2.2.2.1 Observation       

The urea templated samples were dark purple in color due to the presence of 

KMnO4 inside the silica matrix. When these silica samples were immersed in 10 wt% 

H2O2, the KMnO4 present inside the samples reacted instantly with H2O2 to produce 

MnO2 and oxygen. A large number of bubbles in and around the immersed silica sample 
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was noticed. KMnO4 leaked out of the silica matrix, causing the samples to become 

colorless. This further caused the reduction of KMnO4 outside the silica particles. This 

phenomenon was seen in all the silica samples synthesized (Table A.2-1). The control 

samples containing 0 wt% urea and 1 wt% KMnO4 also showed leakage of KMnO4 from 

the silica samples with formation of bubbles. The control sample containing 30 wt% urea 

and no KMnO4 (transparent samples) when immersed in H2O2 did not show any color 

change nor did they form any bubbles. The distribution of KMnO4 in the silica material 

was at the molecular level hence, causing KMnO4 to leak out of the samples easily. 

Another approach of using glucose templated silica materials to reduce KMnO4 into 

MnO2 was studied. 

A.2.2.3 Reduction of KMnO4 Using Glucose Templated Silica Materials 

0, 10, 30 and 60 wt% glucose templated silica samples were synthesized using the 

previously reported procedure by Wei et al.,2,27,28 and as explained in the experimental 

section of chapter 2. The samples were then immersed in aqueous 1 M KMnO4 solutions 

for 4 hours. The glucose present inside the silica samples reduced KMnO4 to MnO2. The 

samples turned a dark brown to black color. The samples were then washed with water 

thoroughly, filtered and finally dried in the oven at 110 oC over night. 

A.2.2.3.1 Observation 

10, 30 and 60 wt% glucose templated samples changed to a dark brown color due 

to the reduction of KMnO4 to MnO2 in the presence of glucose. Glucose not only acts as 

a reducing agent, but also assists in forming pores in the silica material. The 60 wt% 

samples, unlike other samples, showed some precipitation of MnO2 outside the silica 

samples. This might be caused due to the higher wt% of glucose in the samples that tend 
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to leak out of the samples and reduce KMnO4 out side the silica pores. Another reason 

could be the fact that the pores in the 60 wt% samples are larger and hence, the MnO2 

present inside the silica tends to leak out of the samples. In addition, when the samples 

were washed with water after the initial reduction reaction, further leakage of MnO2 was 

seen in 60 wt% samples. The 10 and 30 wt% glucose templated samples did not show 

any leakage. The control sample containing 0 wt% glucose templated samples when 

immersed in KMnO4 changed only slightly to a pale yellow color suggesting that no 

reduction of KMnO4 occurred in the absence of glucose. The samples thus produced were 

then sent to our collaborators for further characterizations and for testing the efficiency of 

the samples as catalyst for the reduction of AT to less harmful byproducts. 

A.3 Encapsulation of Biomolecules in Nonsurfactant Templated Mesoporous Silica 

Materials 

A.3.1 Introduction 

Biomolecules such as enzymes and proteins have been utilized for several 

catalytic and sensor applications.23-26 Enzymes have found a place in many day to day 

house hold products, e.g., cosmetics, skin care products, detergents, etc.29-34 Less obvious 

but extremely useful applications under the defense sector, e.g., detecting and 

decontaminating hazardous materials in air and water is also an area of importance.35-37 

Work on utilizing enzymes to produce biofuels (using readily available plant and animal 

products),38-40 and health care products is another important application.41-43 Even thought 

the enzymes are extremely useful they are also very expensive, sensitive to changes in 

temperatures and pH. Thus, a method needs to be developed to protect the enzymes and 

make them available for reuse.  
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Several methods have been developed to protect these enzymes using surfactants, 

polymer and metal oxide substrates, etc.26,44,45 At present, companies all over the world 

are investing heavily in developing enzyme encapsulating materials that could replace 

free enzymes as additives in detergents, cosmetics, hydraulic cracking and water 

purification applications. This move would cut down the cost of household products and 

increase the profit margins drastically. Obtaining highly efficient immobilized enzymes 

could also mean better defense products and improvement in health care products. Last 

but not the least; the enzyme material could also be used in place of strong and harmful 

chemicals, further increasing the quality of living. Some companies and university 

research groups that have developed enzyme materials, potential for commercialization 

are, Unilever Home & Personal Care USA Division of Conopco Inc.’s, Proctor & 

Gamble’s, Sandia National Laboratory’s and Pacific Northwest National 

Laboratory’s.46,47  

Even with such extensive work on developing enzyme materials, only a few 

technologies have found their way into commercial products. The main criteria for a 

technology to be successful in developing enzyme materials for commercialization are, 1) 

high efficiency and performance, 2) reusability, 3) extremely cheap raw materials, 4) 

maximum of one to two steps to obtain final products, 5) environmentally friendly 

synthesis procedure and, 6) versatility in immobilizing several different enzymes. 

The technology developed in our group for encapsulating enzymes in 

nonsurfactant templated mesoporous silica materials deals successfully with all the 

above-mentioned criteria.2 Extensive work has been done in our group for many years to 

test and study the technology for developing efficient enzyme materials. Several 
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enzymes, for e.g., lipase, protease, peroxidase, etc., have been successfully immobilized 

in to porous silica materials.2,28,48 The effect of various regents, solvents, temperature, 

surface area, porosity, etc., on the efficiency of these materials has also been tested. The 

technology is based on the concept of immobilizing enzymes in porous metal oxide 

materials using nonsurfactant templates. Further details on the significant features of this 

technology and its efficiency can be found in the US Patent. 6,696,258 B1 issued on Feb. 

24, 2004.  

Figure A-1 represents the steps involved in the formation of the enzyme-

encapsulated material. A metal oxide precursor (e.g., Tetraethylorthosilicate (TEOS)) is 

hydrolyzed using water and HCl as a catalyst. The solution is mixed at room temperature 

for 30 min. Any byproduct produced during this reaction (e.g., ethanol) is extracted out 

using a simple vacuum pump. Desired amounts of aqueous solutions of nonsurfactant 

template (e.g., glucose, fructose, etc.) are then added to the hydrolyzed solution with 

constant stirring. Next, depending on the type of enzyme needed to be encapsulated 

(green fluorescence protein, protease, cellulase, lipase, etc.), either the pH of the 

hydrolyzed sol is adjusted before enzyme addition or an enzyme/buffer solution is added 

into the hydrolyzed sol with constant mixing. This is done to protect the enzymes from 

pH fluctuations during encapsulation. The solution thus obtained is then left to gel at the 

desired temperature (10 to 0 oC) and finally dried using either a lyophilizer or a low 

temperature vacuum drying method. The samples thus produced can be broken down into 

small particles or powder before use (Figure A-2). The nonsurfactant template (e.g., 

glucose) can be easily washed out of the samples by water extraction leaving behind 

porous silica materials containing enzymes. During template extraction, no enzyme 
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leakage is noticed. The samples are then sent to our collaborators for testing the 

efficiency of the enzyme materials for the desired applications. Further adjustments and 

changes in the sample are made, depending on requirements from companies for specific 

applications. 

A.3.2 Enzyme Materials Developed    

  Depending on the above stated technology, four types of enzymes were 

separately encapsulated in nonsurfactant templated mesoporous silica materials. A brief 

description on the type of enzyme, the purpose of encapsulation and the method of 

encapsulation is given below. 

A.3.2.1 Encapsulation of Green Fluorescence Protein (GFP) in Glucose Templated 

Mesoporous Silica Material 

The aim of this project was to study the distribution of the encapsulated protein 

inside the silica matrix. As noticed in Figure A-1, the enzymes are immobilized 

simultaneously along with the formation of the silica matrix. The template e.g., glucose 

tends to aggregate into 3 to 10 nm sized particles and the hydrolyzed silica sol tends to 

condense on top of these template aggregates. The template aggregates can then be 

washed out leaving behind interconnected porous structures. The enzymes are predicted 

to interact with the template aggregates and immobilize along with the aggregates inside 

the silica matrix. The mechanism involved in the encapsulation of enzymes and the final 

distribution of enzymes in the porous silica matrix has yet to be clearly determined. 

Visualizing the distribution of individual protein molecules (with diameter of 2 to 60 Å) 

inside the silica matrix is difficult. Until recently, there were no known microscopes that 

could capture images of individually, encapsulated enzymes. A detailed study on the 
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distribution of the encapsulated enzyme in the porous silica matrix would further help in 

increasing the catalytic efficiency of the samples.   

The green fluorescent protein (GFP) was discovered in the early 1960s.49 The 

chromophore that confers the typical green color and fluorescent properties to the protein 

is a p-hydroxybenzylideneimidazole, originated from an internal cyclization at residues 

Ser65, Tyr66, and Gly67 in the protein structure.50 The spectroscopic properties of GFP 

have been intensively investigated in the resent years,51,52 using the newly developed 

confocal microscope that is extremely powerful and has the capability of detecting the 

fluorescence emissions from single GFP’s. Using this technology, our collaborators at 

University of Pennsylvania further aim to study the distribution of GFP in nonsurfactant 

templated silica materials. This study would thus help us determine the factors effecting 

the distribution of enzymes in silica matrix and improve the catalytic efficiency of the 

enzyme/silica materials. 

A.3.2.1.1 Materials and Synthesis 

Tetraethyl orthosilicate (TEOS, 99%), hydrochloric acid (HCl, 1 M), β-D-glucose, 

tris (hydroxymethyl) aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA) were 

purchased from Sigma Aldrich (Milwaukee, WI). Recombinant green fluorescence 

protein (rGFP, 27-KDa monomer with 238 amino acid) was purchased from Bio Vision 

Incorporated, California. The initial steps of hydrolyzed silica sol preparation follow the 

same procedure explained under the introduction section. In a typical procedure to make 

30 wt% glucose templated and rGFP encapsulated materials, 9.64 g of TEOS was mixed 

with 1.6 g of water and 0.1 g of HCl (1 M) for 30 min. TEOS hydrolyzed to give a clear 

solution. Ethanol was produced as the byproduct, which was extracted out of the solution 
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using a vacuum pump. 2.4 g of (50 wt%) aqueous glucose solution was then added with 

constant mixing for 5 min. The solution was cooled to 0 oC. 0.5 ml of rGFP/buffer 

solution (0.5 µg pure rGFP in 0.5 ml of 10mM tris-HCl/10 mM EDTA buffer, pH = 8 

solution) was added into the sol with constant mixing. The final mixture was allowed to 

gel in a beaker (while it was left in the refrigerator, 6 oC) for 2 days. It was further dried 

for 10 days at 0 oC in vacuum. Four sets of sample varying only in wt% of glucose were 

produced (0, 10, 30 and 60 wt% glucose). The sample thus formed were sent to our 

collaborators for single molecular spectroscopy studies using confocal microscope and 

stored in a -20 oC freezer until use. 

A.3.2.2 Encapsulation of Protease in Glucose Templated Mesoporous Silica Material 

The aim of this project was to encapsulate a protease enzyme in glucose 

templated mesoporous silica materials for detergent applications.  

Enzymes play an important role in increasing the efficiency of detergents for removing 

dirt, stains, grease, etc., from laundry.53,54 At present most of the detergents available in 

the market use strong chemicals and high pH (11 to 13) to increase the efficiency of 

detergents. Strong chemicals present in the detergents are toxic in nature and also 

decrease the lifespan of the washing machines and laundry.55-58 In the last few years, 

companies have actively researched substituting strong chemicals with enzymes in 

detergents. Enzymes are biofriendly, required in small amounts and are highly efficient in 

breaking down stains, oils, etc.59-61 Some of the most commonly used enzymes are:  

proteases to digest protein based stains, α-amylase to digest starch based stains, and 

lipases to digest fat or oil based stains. Even though enzymes have proven to be very 

useful in detergent applications, they are not economical. This is because, enzymes are 
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sensitive to high temperatures and pH and cannot be used in their free state.62 The shelf 

life of free enzymes in detergents is very short. Thus, a simple and inexpensive method is 

needed to protect the enzymes, yet maintain their efficiency in detergent applications. 

Keeping these points in mind a product was developed using the nonsurfactant template 

technology to encapsulate a particular protease enzyme provided by our collaborators in 

mesoporous silica materials for detergent applications. 

A.3.2.2.1 Materials and Synthesis 

Tetraethyl orthosilicate (TEOS, 99%), hydrochloric acid (HCl, 1 M), β-D-glucose, 

tris (hydroxymethyl) aminomethane (Tris) were purchased from Sigma Aldrich 

(Milwaukee, WI) and used without further purification. The protease enzyme to be 

encapsulated was provided by our collaborators (company A).  

The initial steps of hydrolyzed silica sol preparation follow the same procedure 

explained under the introduction section. In a typical procedure to make 30 wt% glucose 

templated and enzyme encapsulated materials, 9.64 g of TEOS was mixed with 1.6 g of 

water and 0.1 g of HCl (1 M) for 30 min. TEOS hydrolyzed to give a clear solution. 

Ethanol was produced as the byproduct, which was extracted out of the solution using a 

vacuum pump. 2.4 g of (50 wt%) glucose solution was then added with constant mixing 

for 5 min. The solution was cooled to 0 oC. 20 wt% protease enzyme (with respect to 

silica) in tris buffer solution (0.1 M, pH = 10) was added into the sol with constant 

mixing. The final mixture was allowed to gel in a beaker (while it was left in the 

refrigerator at 6 oC) for 2 days. It was further dried for 10 days at 0 oC in vacuum. Three 

sets of sample varying only in wt% of glucose were produced (0, 30 and 60 wt% 
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glucose). The samples thus formed were sent to our collaborators for testing the 

efficiency of the samples as laundry detergent additives. 

The samples thus produced proved to have good thermal stability, high efficiency 

compared to free enzymes and other enzyme-encapsulated products. The silica/enzyme 

samples that were produced also proved to have much better shelf life in detergents, 

compared to free enzymes. Our collaborators were also assisted with product scale up 

experiments. 

A.3.2.3 Encapsulation of Cellulase in Glucose Templated Mesoporous Silica 

Material 

The aim of this project was to encapsulate a cellulase enzyme in glucose templated 

mesoporous silica material for hydraulic fracturing of fuel and gas.  

Hydraulic fracturing63,64 is a half century-old technology that is used in oil and 

natural gas production. This technique allows oil or natural gas to move more freely from 

the rock pores where they are trapped to a producing well that can bring the oil or gas to 

the surface. After a well is drilled into a reservoir rock that contains oil, natural gas, and 

water, every effort is made to maximize the production of oil and gas. One way to 

improve or maximize the flow of oils from the rock bottom to the well is to connect many 

pre-existing fractures and flow pathways in the reservoir rock with a larger fracture. This 

larger, man-made fracture starts at the well and extends out into the reservoir rock for as 

much as several hundred feet. The fracturing process begins with the injection of water 

into a sealed borehole until the pressure of the water exceeds the overburden pressure and 

a fracture is created. Slurry composed of coarse-grained sand and a viscous fluid 

containing enzyme is then injected as the fracture grows away from the well. After 
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pumping, the sand grains hold the fracture open while an enzyme additive breaks down 

the viscous fluid.65,66 The thinned fluid is pumped from the fracture, forming a permeable 

subsurface channel suitable for delivery or recovery of a vapor or liquid.  

Enzyme additives play a very important role in the formation and maintenance of 

the fracture. It is important that the enzymes remain viable until the time when the 

enzymes are required to break down the viscous fluid. Fracturing takes place at elevated 

temperatures and in the presence of chemicals, gas, etc. Maintaining the fracture helps 

increase the yield of fuel and gas. Using free enzymes for this procedure in not viable as 

the enzymes tend to deactivate in harsh conditions of drilling and fracturing.66 Hence, an 

encapsulated enzyme product is required where in the enzymes can be protected before 

use. Enzyme products available in the market at present for fracturing applications are 

developed using an adsorption or spray dry technology on support materials. These 

products have proven to be less successful in fracturing applications due to the inability 

of the support materials to protect the enzymes from harsh environment. 66 Keeping these 

points in mind a product was developed using the nonsurfactant templated technology to 

encapsulate a particular enzyme provided by our collaborators (company B) in 

mesoporous silica materials for hydraulic fracture applications. 

A.3.2.3.1 Materials and Synthesis 

Tetraethyl orthosilicate (TEOS, 99%), hydrochloric acid (HCl, 1 M), β-D-glucose, 

glacial acetic acid, sodium hydroxide (5N, NaOH) were all purchased from Sigma 

Aldrich (Milwaukee, WI) and used without further purification. The cellulase enzyme to 

be encapsulated was provided by our collaborators. 
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The initial steps of hydrolyzed silica sol preparation follow the same procedure 

explained under the introduction section. In a typical procedure to make 30 wt% glucose 

templated and enzyme encapsulated materials, 9.64 g of TEOS was mixed with 1.6 g of 

water and 0.1 g of HCl (1 M) for 30 min. TEOS hydrolyzed to give a clear solution. 

Ethanol was produced as the byproduct, which was extracted out of the solution using a 

vacuum pump. 2.4 g of (50 wt%) glucose solution was then added with constant mixing 

for 5 min. The solution was cooled to 0 oC. 5 wt% cellulase enzyme (with respect to 

silica) in 1 M acetate buffer (pH = 4) solution was then added. The final mixture was 

allowed to gel in a beaker (while it was left in the refrigerator at 6 oC) for 2 days. It was 

further dried for 10 days at 0 oC in vacuum. Three sets of sample varying only in wt% of 

glucose were produced (0, 30 and 60 wt% glucose). The samples thus formed were sent 

to our collaborators for testing the efficiency of the samples as additives in the hydraulic 

fracturing application. 

A.3.2.4 Encapsulation of Lipase in Glucose Templated Mesoporous Silica Material 

The aim of this project was to encapsulate lipase enzyme in glucose templated 

mesoporous silica material for water purification purposes. A column packed with porous 

lipase encapsulated silica granules was proposed. Water containing hydrogen peroxide, 

(H2O2) contaminant, would then be passed thought the column. The lipase present in the 

column would interact with the H2O2, eliminating it to produce purified water via a 

simple continuous flow method. 

A.3.2.4.2 Materials and Synthesis 

Tetraethyl orthosilicate (TEOS, 99%), hydrochloric acid (HCl, 1 M), β-D-glucose, 

sodium hydroxide (0.25N, NaOH) were all purchased from Sigma Aldrich (Milwaukee, 
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WI) and used without further purification. The lipase enzyme to be encapsulated was 

provided by our collaborators (company C). 

The initial steps of hydrolyzed silica sol preparation follow the same procedure 

explained under the introduction section. In a typical procedure to make 30 wt% glucose 

templated and enzyme encapsulated materials, 9.64 g of TEOS was mixed with 1.6 g of 

water and 0.1 g of HCl (1 M) for 30 min. TEOS hydrolyzed to give a clear solution. 

Ethanol was produced as the byproduct, which was extracted out of the solution using a 

vacuum pump. 2.4 g of (50 wt%) aqueous glucose solution and 1 g of water was then 

added with constant mixing for 5 min. The solution was cooled to 0 oC and then 0.25 N 

NaOH solution was added drop wise, with constant stirring, till the hydrolyzed sol 

reached a pH of 6. 10 wt% lipase enzyme (with respect to silica) solution, obtained by 

our collaborators was added with continuous mixing. The final mixture was allowed to 

gel in a beaker (while it was left in the refrigerator at 6 oC) for 2 days. It was further dried 

for 10 days at 0 oC in vacuum. Three sets of sample varying only in wt% of glucose were 

produced (0, 30 and 60 wt% glucose). The samples thus formed were sent to our 

collaborators for testing the efficiency of the samples as additives in the water 

purification application. 

A.4 Conclusion 

The work explained in this chapter focuses on the development of products in 

collaboration with universities and companies utilizing a versatile sol-gel technology 

developed in our lab by Wei et al., and patented in 2004. The technology was fine-tuned 

and adapted further, depending on the type of enzyme required to be encapsulated. All 

the developed products utilize nanoparticles or enzymes as catalyst in various different 
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environments and conditions. The products are economical, highly efficient and versatile. 

At present, the products are at various stages of collaboration and commercialization.   
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Table A-1 Represent the samples produced using various wt% of urea as the 
nonsurfactant template and various wt% of KMnO4 as an additive. 
 

 

 

awt% of nonsurfactant template (urea) in the silica samples, bwt% of KMnO4 present in 
the silica sample. 
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Figure A-1. Pictorial representation of synthesis of enzyme immobilized nonsurfactant 
templated mesoporous silica samples. The yellow ting comes from the enzyme 
encapsulated. 
Step I. Hydrolysis of TEOS using water and HCl to obtain a clean solution containing 
ethanol as the by product 
Step II. Vacuum extraction of byproducts 
Step III. Addition of 50 wt% glucose water solution 
Step IV. Addition of enzyme solution  
Step V. Gelation and drying 

Step II Step I Step III 

Step IV 
Step V 
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Figure A-2. The final enzyme immobilized sol-gel samples can be used either in the form 
of discs, particles or powder. The yellow ting seen in the samples is form the 
encapsulated enzyme. 
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Appendix B: Microfabrication of Carbon Nanopipettes for Imaging and 
Manipulating Live Cells 

 

(An Independent Research Proposal Defended and Passed On November 1st, 2004 in 
Partial Fulfillment of the Requirement for the Ph.D. Candidacy) 

 

B.1 Proposal Statement 

Microfabrication of AFM cantilevers, containing individual, hollow multi walled 

carbon nanotubes, which image individual cancer cells at nanometer resolution and acts 

as nanopipettes for injecting and extracting minute amounts of cytoplasmic fluid from the 

cancer cells at short intervals of time, without causing cell death.  

B.2 Abstract 

Recently it has been realized that, individual cells from the same region in the 

body behave differently to external physical and chemical stimuli. The study of the 

mRNA (one of the strands of the double helix DNA present inside the nucleus is 

replicated in large number to form the mRNA, which is then released from the nucleus 

membrane into the cytoplasm of the cell), produced by these cells for extended periods, 

contributes to the better understanding of juvenile research areas of cloning, gene 

therapy, cancer and tumor diagnostics, etc. At present, the only method available to 

extract mRNA from the cytoplasmic fluid of the cell is cell lysis. More recently, glass 

Micropipettes with tip diameters of 1 µm to 100 nm are being used to manually inject or 

extract samples from individual cells. This technique is time consuming, harmful to the 

cells and sometimes causes cell death. In order to manipulate single cells without 

affecting their viability, it is important to use minuet cellular probes, which are easy to 

handle and manufacture. Carbon nanotubes are excellent cellular probe candidates as they 
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are hollow in nature, have high aspect ratio and good mechanical characteristics. 

Instruments such as optical and electron microscopes are being used to study the morpho-

logical changes of cells to external stimuli. These methods are harsh and usually cause 

cell death. Recently, AFM has been the instrument of choice for characterizing delicate 

biological live samples because of its ability to preserve the viability of the cells and 

produce high-resolution images. Thus combining the two important aspects, using AFM 

cantilevers as a source to handle individual hollow multi walled CNT for injecting and 

extracting minute amounts of cytoplasmic at precise locations of live cells, would bridge 

the gap between the nano and the micro world. This would allow us to probe and study 

the behavior of cancer cells to drugs in minuet details.  

B.3 Introduction  

B.3.1 Atomic Force Microscopy (AFM)  

B.3.1.1 Basics of AFM 

A key element of the AFM is its microscopic force sensor or cantilever (Figure B-

1). The cantilever is usually formed by one or more beams of silicon or silicon nitride.1 

Mounted on the end of the cantilever is a sharp tip that is used to sense a repulsion or 

attraction force between the sample and tip. For normal topographic imaging, the probe 

tip is brought into continuous or intermittent contact with the sample and raster-scanned 

over the surface. Fine motion piezoelectric scanners (Figure B-1, x, y, and z axes) are 

used to generate the precision motion of the sample holder needed to generate topog-

raphic images and force measurements.2 A well-built piezoelectric scanner can generate 

stable motion on a scale below 1 Angstrom.2 Three-dimensional topographical maps of 

the surface are then constructed by plotting the local sample height versus horizontal 
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probe tip position.3 Recently AFM is being used extensively to study biological samples 

because of its ability to image live biological samples at atomic resolutions, causing mini-

mal damage to the delicate biological samples under study.4-6  

B.3.1.2 Force Curve Measurement 

In addition to the basic imaging mode, the AFM instruments are usually equipped 

with a force (curve) mode,7 that records the deflection of the cantilever as a function of 

the voltage applied to the z-piezo without raster scanning in the x and the y direction. The 

force curve measurement is a very important feature for the proposed study, as it helps in 

moving the AFM cantilever containing the CNT pipette in the z direction at precise 

nanometer fractions, required for injecting the CNT pipette into the cell as seen in Figure 

B-2. 

B.3.1.3 Key Role of the Tip 

In order to image the samples, at sub nanometer levels, the uncertainties in the 

detailed nature of the probe tip must be addressed. Pyramidal or needle shaped silicon 

(Si) and silicon nitride (Si3N4) are the two main tips used in AFM. Variation in tip-to-tip 

properties,8 severally harming biological samples9 and most importantly wearing of tips 

during scanning10 were some of the disadvantages they poses. Carbon nanotubes are the 

only known materials that can overcome the above stated limitations and thus have the 

potential to form ideal probes for AFM imaging and injecting live bio samples.11 

B.3.2 Carbon Nanotubes (CNT) 

B.3.2.1 Basics of CNT 

Carbon nanotubes consist of a honeycomb sp2 hybridized carbon network that is 

rolled up into a seamless cylinder12 (Figure B-3), which can be a few microns in length. 
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There are two basic structural classes of carbon nanotubes: single-walled nanotubes 

(SWNTs) and multiwalled nanotubes (MWNTs). SWNTs consist of a single seamless 

cylinder (Figure B-3) with radii ranging from 0.35 to 2.5 nm, while MWNTs consist of 

multiple concentric graphene cylinders with radii ranging from 3 to 70 nm13 (Figure B-4). 

To bring the cost of CNTs into perspective, the estimate market price of the SWNTs is 

$30 to $750/gm and that of MWNTs is low as $10 which can range widely depending on 

the purity of the product.14 CNTs can either have an armchair (n = m), zigzag (n = 0, m = 

0) or chiral (any other n & m value) geometry depending of their chiral vectors (n, m).15 

B.3.2.2 Mechanical Property of CNTs  

The application of CNTs relay on their electrical, optical and mechanical 

properties.16 The main property, which governs the application of the MWNTs in the 

proposed study, is the mechanical property. The small diameter and high aspect ratio, 

makes MWNTs uniquely suited as a high-resolution probe tip. The characteristics 

relevant to the use of nanotubes as AFM tips depend on the stiffness or Young’s modulus 

and the ability to buckle elastically rather than break under large loads.17 The extremely 

high Young’s modulus of nanotubes is critical to the creation of high aspect ratio, sub-

nanometer radius tips with high resolution18 and cell injection capabilities.19 

B.3.2.3 Growth of CNTs on AFM Cantilever 

Realizing the unique advantages of CNT, many efforts have been made to 

fabricate CNT-based imaging probes. Most reported work so far has relied on a “pick and 

stick” approach to manually attach MWNTs on silicon pyramid tips under an optical 

microscope.19 Direct catalytic growth of CNTs on silicon pyramid tips using thermal 

chemical vapor deposition (CVD) methods have also been looked into.20 However, the 
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methods mentioned above have many disadvantages: 1) they have little control over the 

CNT location, density, length, orientation and number. 2) It becomes extremely difficult 

to obtain individual freestanding and well-oriented MWNTs using thermal CVD. 3) 

Readily usable tip yields are very low. 4)  In addition, these processes all depend on 

commercially available silicon tips or prefabricated commercial silicon probe wafers.21 

Recently plasma enhanced chemical vapor deposition (PECVD) is being used to grow 

aligned CNTs.22 In this method, an electric field is applied in a plasma discharge to direct 

the nanotubes to grow and align parallel to the field. The CNTs thus grown are always 

aligned and Multi walled in nature. Depending on the temperature of growth, type of 

carbon source used, and the position of the catalyst on the growing CNTs (catalysts 

particle remains either on top or bottom of the CNT), the CNTs can be completely hollow 

or bamboo shaped22 (Figure B-5). Selecting the right growth characteristic, one can use 

PECVD to grow single hollow CNTs on silicon wafers which then can be 

micromechanically modified to fabricate AFM cantilevers containing hollow CNT. 

B.3.3 Microfabrication Techniques 

The main hurdle in nanoscience and nanotechnology is the integration of 

nanoscale materials with micron scale structures to form workable devices. Although 

there are, numerous works discussing the synthesis, structure and properties of 

nanomaterials, studies related to nano-micro integration for device and sensor fabrication 

are very limited. In the proposed project a simple method of integrating a nanostructure, 

i.e., MWNT with a systematically fabricated microdevice i.e., a modified AFM cantilever 

has brought forth an integrated device, which acts as a sensor as well as a nanopipette. 

Microfabrication is simply the science of miniaturization (Figure B-6), which is accom-
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plished by using steps such as: 1) lithography which is a method used to transfer copies 

of a master pattern onto the surface of a solid material, with the help of a photoresist and 

also to fabricate microchannels and nanopores for catalyst deposition using electron 

beams or X-rays, 2) spin coating and spry coating which helps in deposition of polymer 

materials, which form the bulk of the nanopipette, 3) mechanical and chemical polishing 

which is used to planarize rough and uneven surfaces and finally, 4) wet and dry etching 

which uses concentrated acids and dry gases respectively to shape and bring 

microstructures to desired form.23 

B.4 Design Concept and Theoretical Consideration 

B.4.1 AFM Cantilever Nanopipette Design  

Before the actual fabrication of the AFM cantilever containing the carbon 

nanopipette, there are several theoretical concepts, which need to be evaluated in detail. 

The Figure B-7 series represents the various steps for the fabrication of the 

microstructure whose experimental details will be explained under the experimental 

section. In this section, each step in turn is analyzed theoretically and narrowed down to 

the best workable route. The entire fabrication section is divided in to two major parts, 

one deal with the fabrication of the nanopipette and other deals with the fabrication of the 

main cantilever head.  

B.4.1.1 Substrate Used to Grow CNT and to Fabricate the Body of the AFM 

Cantilever 

In the proposed study a simple 4 mm diameter silicon wafer can be used to grow 

CNTs,21 which at the end of the fabrication steps will represent the head of the AFM 

cantilever (Figure B-7). 
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B.4.1.2 Sketching Repeated Alignment Marks on the Silicon Wafers for Multi 

Fabrication of the Nanopipette 

((Figure B-7, Top View) as the proposed design consists of various micro and 

nanofabrication steps, the allowed error in marking and aligning various individual 

fabrication steps with respect to the other, is in the nanometer range. The two types of 

alignment marks, which are required, are the Wafer Marks: The wafer marks (or called 

global marks) are used to help find the center of the wafer. Chip Marks: The chip marks 

help determine position, rotation, magnification, and trapezoidal corrections for each 

repeating unit in a silicon wafer. The above mentioned alignment marks can be easily 

written using the software available in all e-beam lithographical instruments (e.g. Hitachi 

HL-700F).25 

B.4.1.3 Theoretical Evaluation of Growth of CNT on Silicon Wafer 

Types of metal catalysts used to grow CNTs are Nickel (Ni), Cobalt (Co), Iron 

(Fe) and molybdenum (Mo).21 The three main methods by which these catalysts can be 

deposited on silicon wafer are Spin coating, metal vapor deposition, and e-beam 

sputtering. Methods used to grow CNTs are thermal vapor deposition (TVD), chemical 

vapor deposition (CVD),23 microwave plasma vapor deposition,26 plasma enhance 

chemical vapor deposition (PECVD), etc. Gases used as carbon sources for growth of 

CNTs are, a mixture of ammonia (NH3) and acetylene (C2H2) or Hydrogen (H2).22 There 

are several combinations of the above-mentioned methods, which have been used to 

grown CNT. In the proposed study: The catalyst selected is Ni, as it can be easily 

deposited on the silicon wafer and most importantly, the CNT can be directed to grow as 

a well aligned hollow CNT. E-beam lithography (e.g. Hitachi HL-700F) can be selected 



 

 

297

to make nanoscale markings (50nm) on the silicon wafer for the vapor deposition of Ni 

catalyst thus ensuring the growth of individual MWNTs. PECVD can be used to grow the 

CNTs as it gives aligned growth. 

B.4.1.4 Deposition of Support Layer 

After the CNTs are grown on the surface of a silicon wafer, silicon dioxide is then 

deposited on individual CNTs and silicon wafer, using a chemical-vapor deposition 

method.27 The purpose of depositing silicon dioxide on the substrate and CNT is to attach 

the CNT to the silicon wafer and to make them robust enough for nanopipette 

applications (Figure B-7.7). 

B.4.1.5 Filler Used to Embed CNTs 

Filler is deposited on the CNTs and substrate for surface planarization purposes. 

Some important properties a filler should posses in case of the proposed study are, they 

should be compatible with the silicon wafer, good gap filling properties, easily deposited 

onto the wafer and most importantly the filler should have a etch rate 4 to 5 times faster 

than SiO2. Silicon nitride (Si3N4) is one such filler, which has all the above mentioned 

properties (Figure B-8).  

B.4.1.6 Fabrication of the Body of the AFM Cantilever 

After filler deposition, the silicon wafer is turned over and the bottom part of the 

wafer is then fabricated to produce the body of the AFM cantilever. The AFM body of 

the cantilever has three unique features, 1) a reservoir at the head of the cantilever which 

is dry etched gradually until it hits the silicon dioxide layer present at the upper side of 

the silicon wafer, 2) a hollow fluid flow channel which can be etched and connected to 

the reservoir, 3) a high reflectance “Pyrex glass slide which is used to seal the reservoir 
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and the fluid flow channel, present on top of the AFM cantilever head Figure B-7.9 & 

7.10. 

B.4.1.7 Opening the CNTs to Form Nanopipettes  

After the fabrication of AFM cantilever (Figure B-7), the silicon wafer is tuned 

back up to complete the final work on nanopipette production. Manual paper polishing, 

chemical mechanical planarization28 and dry reactive ion etching (RIE)29 are three main 

polishing methods which could be used to open the tips of CNTs. The 1st two methods 

are wet methods which require concentrated acid slurries, which could block the hollow 

CNTs while polishing. The last method RIE method uses a dry polishing method, 

produces a relatively smooth surface, and most importantly does not block the CNTs. 

Thus, RIE and ion milling can be used to polish the filler material and remove any 

catalytic nickel particles blocking the tip of the CNT. Next, a chemical reactive ion 

etching is used to completely etch away Si2N3 and partially etch SiO2 to expose 

approximately 3 µm length of free CNT, leaving the rest of the CNT base covered with 

SiO2 for mechanical support. 

B.4.2 Penetration of Cell Membrane Using AFM Cantilever Nanopipette 

A successful injection is determined mainly by the applied force on the cell 

membrane, injection speed and trajectory. Manual and micromanipulator assisted 

injections cannot record the force applied on a cell membrane nor can they monitor the 

speed and trajectory accurately. AFM cantilever for that matter can be moved in the z 

direction in sub-nanometer range using piezo-electric transducers, which helps monitor 

force as well as speed. The important points, which need to be evaluated before 

successful cell injection using MWNT, are as follows, as seen in Figure B-8. 
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B.4.2.1 Cell Membrane 

The cell membrane serves as a gateway, which helps to control materials going in 

and out of the cell. Structurally, the membrane is made of phospholipids in which are 

embedded different kinds of protein molecules, glycolipids and glycerol.30 Phospholipids 

make the major constituents of the cell membrane and give way easily to sharp objects or 

needles with minimal resistance of forces as small as few Pico Newton. 

B.4.2.2 Role of AFM Probe Tip 

It was noted that sharp tips made of silicon nitride caused cell damage when used 

to scan cell surfaces. Among CNTs, SWNT was shown to give very high resolution 

images but buckled when brought too close to the cell membrane.31 Instead MWNT for 

that matter were ridged enough not to buckle but flexible enough not to cause any harm 

to the cell membrane while scanning its surface,32 thus MWNT can be used as AFM 

probe tips as well as cell injectors. 

B.4.3 Study of Interaction Force Curves and Young’s Modulus 

Previous studies have investigated the force interactions between living cells and 

the AFM tips by constructing force-distance curves and have suggested that blunt tips (1 

micormeter to 200 nm diameters) deform the cells and sharp tips penetrate the cells. To 

further test this hypothesis, two force-distance curves which compare the piezo-induced 

movement of the tip in the z axis with the displacement of the tip by the cell on a glass 

slide were compared33 as seen in Figure B-9. 

B.4.4 Theorization of the Movement of Fluids in and out of the MWNT 

Before evaluating different experimental methods for injecting samples into live 

cells, actual basic concept of movement of fluids in the MWNT has to be considered. The 
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inner diameter of the MWNTs used in the proposed study is around 20-30nm. Fullerenes, 

metal nanoparticles, radioactive elements and dyes have been successfully encapsulated 

34,35 inside single and multiwalled CNTs using high temperatures, pressures and super 

critical fluids. The methods mentioned above use harsh conditions, and hence, are not 

compatible for encapsulating, and transporting bio samples. There have also been some 

successful attempts of encapsulating fluids36 and partial encapsulation of DNA inside the 

carbon tubes.37 An evaluation of some simple methods to transport bio-fluids through 

MWNTs has been discussed below. 

B.4.4.1 Capillarity Action 

The ability of CNTs to encapsulate and transport fluids depends on two main 

characteristics: fluids must ‘wet’ the capillaries and have surface tensions below a 

threshold value38 (depending on the diameter of the CNT) and the fluid should not 

chemically interact with the CNTs. Thus simply by immersing open ended MWNTs 

(5nm inner diameter) in silver nitrate (AgNO3) and gold chloride (AuCl3) solutions, Chu 

et al.,39 where able to transport the metal salts inside the CNTs. 

B.4.4.2 Transport of DNA Through a Membrane Embedded with MWNT (20-30 

nm)  

On one side of a synthetic cell membrane, a buffer solution is placed and on the 

other side a DNA solution. When potential is applied to this set up, DNA transport 

through the CNT takes place. 

B.4.4.3 DNA Injection and Extraction Through a Glass Pipette 

DNA solution and other bio-fluids have also been studied extensively by using 

glass pipettes with diameters as small as 100 nm.40 Here the nanopipette is manipulated 
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by applying an ion current that flows between electrode in a solution containing DNA 

and the electrode in the nanopipette. Thus, a high electric field causes a pulsating delivery 

of DNA solution into or out of the pipette. Considering the 3 main methods stated above 

transport through the AFM cantilever nanopipette can be further enhanced by connecting 

a micro pump and an electrode directly in to the fluid channel, which in turn could be 

connected to the reservoir on the AFM cantilever. Thus, a simple method of capillary 

action combined with pressure suction and or voltage application can be used to inject or 

extract bio-fluids without causing any harm to the live cell. 

B.5 Experimental Conditions 

Below a simple step wise procedure for the fabrication of the AFM cantilevers 

nanopipette is listed (Figure B-7 series).  

1) The silicon wafer 100mm (2-in) diameter and 20 micrometer thick can be selected as a 

substrate for growinf CNT and AFM cantilever.  

2) A sensitive bilayer resist made of low and high molecular weight poly (methyl 

methacrylate) (PMMA) in methyl isobutyl ketone and isopropyl alcohol (3:1), 100nm 

thick can then be applied onto the silicon wafer via spinning at 1000-5000 rmp for 60 sec 

and then prebaked at 1700C for 30 min 

3) Using Hitachi HL-700F Electron Beam Lithography Machine (HL-700F) instrument 

for local and global alignments on both sides of the wafer are made and 50 nm diameter 

spots for catalyst deposition on the top side of the wafer.   

4) The surface of the silicon wafer can then be cleaned off all the debris using a short O2 

plasma descum and a thin layer of Ni (approx 20nm thick) can be deposited on the top 

side of the wafer using the same e-beam instrument.  
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5) The resist from step 2 can then be lifted off the silicon wafer using acetone, thus 

(leaving behind 20 nm spots of nickel catalyst) taking with it all the unwanted the nickel 

metal present on it. 

6) The patterned wafer can then be loaded into a plasma-enhanced-hot-filament CVD 

system for the growth of CNTs (6-7µm long). 

7) Conformal chemical vapor deposition of silicon dioxide around the CNTs and on the 

substrate can then be carried out  

8) Deposition of filler (Si3N4) is performed by spin method. 

9) A photoresist of 1 to 2 µm thick is deposited on the bottom side of the wafer. 

10) A fluid channel and a reservoir are then etched using dry silicon etch method exactly 

on the alignment marks deposited on the wafer in step 3 and a Pyrex glass with the same 

dimensions of the cantilever is then used to seal the top of the AFM cantilever head.  

11) Surface polishing on the top side of the wafer is then done using reactive ion etching 

(RIE) which uses CF4/O2 gases at a certain watt power followed by Argon (Ar) ion 

milling to polish, equalize and open the tips of CNTs. 

12) Approximately 3µm of silicon dioxide and all of Si3N4 is etched away by chemical 

RIE using combination of gasses (CF3/O2/N2)  

Thus (hollow CNTs partially covered with SiO2) nanopipettes can be fabricated as 

mentioned above using an automated large scale method or manual one on one base. 

 

 

 

 



 

 

303

B.6 Application 

B.6.1 Application of the AFM Cantilever Nanopipette With Regard to Influence of 

Cancer Drugs on Individual Cancer Cells 

The properties of indivisible cells depend on molecules that constitute them41. 

Depending on the applications and external stimuli, individual cells in the body produce 

different kinds of mRNA, the mRNA in-turn produces proteins.42 Thus any change 

caused by the cell or on the cell is an indirect effect of the production of different kinds of 

mRNA. The cells which are exposed to carcinogenic (cancerous) agents produce specific 

and large quantities of mRNA (which in-turn produce proteins) not produced in normal 

cells.43 The proteins in-turn directs the cells to replicate in large numbers causing tumors. 

Cancer fighting drugs attack cancer causing proteins present in the cytoplasm, which in-

turn destroys the cancer cell. It is very important to test the reaction of individual cells to 

drugs, as each individual cancer cell even if present in the same cancer patient react 

differently to the same drug.44 The study of change in cell surface properties, quantity and 

type of mRNA produced or destroyed in an individual cell during various drug exposure 

sessions, helps in deciding on the specific type of drug, which would be most compatible 

for a cancer patient. Cancer cells which were exposed to different drugs till date where 

studied by rupturing the cells45 and extracting the mRNA from the cytoplasmic fluid. 

Recently micropipettes are being used to extract small amounts of cytoplasmic fluid from 

the cells which are then analyzed for mRNA.46 The two main disadvantages of using cell 

rupture and micropipette methods are 1) as the exposure time of drugs to cancer cells 

increases, the quantity and type of mRNA produced also changes. Understating this 

fluctuation of mRNA in the cytoplasm is very essentials for efficient drug use. In the 
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above two mentioned methods the cancer cells are destroyed after just one extraction 

session of cytoplasm and thus lack the criteria for further tests, 2) there are many surface 

changes, which also take place due to drug exposure or other external stimuli that can not 

be studied using the above mentioned methods. Using AFM cantilever nanopipette 

devices, not only can the surface of a live cancer cell be studied at nanometer resolution, 

the nanopipette can also be used to extract nanoliters of cytoplasmic fluids several times 

from the same cell for a long period without causing cell death. 

B.7 Characterization 

To test and prove the working condition of the AFM cantilever nanopipette some 

basic characterization steps can be conducted. 

B.7.1 TEM 

Transmission electron microscope can be used to study the morphology of the 

CNTs (diameter, hollow nature, etc.). 

B.7.2 Gas and Fluid Flow Test 

CNT as a whole along with the filler intact can be easily lifted of the silicon wafer 

as a porous membrane. The membrane is then checked for any blockages present in the 

CNTs by placing the CNT membrane between two ends of a tube. The membrane is then 

exposed to N2 gas or ion solution on one side of the tube and on the other end a detector 

is placed to test the permeability of the gas or solution through the CNT membrane.47 

B.7.3 Test the Workability of Single Nanopipettes 

The amount of sample collected by individual MWNT from inside the cells can 

also be tested by ejecting out the solution from with in a CNT onto a flat slide and 

measuring the spot size as well as the chemical content of the solution released. 
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B.8 Possible Experimental Out Comes 

There could be four main possible out comes of using the AFM cantilever as a 

nanopipette. 1) Successful microfabrication, high resolution images of live cells along 

with easy suction and release of sample from with in the CNT. Goal achieved and no 

further action required. 2) Unsuccessful microfabrication: Two to three different possible 

paths of microfabrication can be designed and studied and the most successful design can 

be chosen. The CNT nanopipette and the cantilever head can be fabricated in one major 

set as proposed in this paper or they can be fabricated separately and then combined 

together using an adhesive. 3) Unsuccessful penetration of the CNT into a live cell: 

buckling of CNT can be one reason for unsuccessful injection of the CNT. The outer wall 

of the CNT prodding out of the silicon dioxide layer can be covered with a layer of 

polymer to enhance the mechanical properties of the tube. As the amount of force 

required to penetrate a cell depends on the elasticity of the cell membrane, different force 

curves can also be studied to decide on the accurate force finally required. 4) 

Unsuccessful movement of bio-fluids in and out of the CNT: If blockage of the CNT is 

one reason for unsuccessful movement, then different catalyst, ratio of carbon source, 

temperature and voltage parameters, etc., can be studied to get completely hollow CNTs. 

If a simple capillary action is not enough for the suction of the bio-fluids inside the CNT, 

then pressure using micro pumps or voltage can be applied to suck or force fluids out of 

the CNT. The tip of the CNT can be modified using polymer to attract the Bio fluids 

inside the tubes. Individual CNTs can be also grown using a template method, which 

gives tubes with similar outer diameter as that of catalyst grown nanotubes but larger 

inner diameter for easy flow of fluids inside the tube. 
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B.9 Conclusion 

The proposed fabrication of an AFM cantilever nanopipette is a means of 

experimentally proving the feasibility of using a CNT as a nanopipette for testing single 

live cells. The fabrication of such micro-devises is easily achievable, because of the vast 

knowledge collected over the years in micro-fabrication areas. Complicated devices 

smaller than the diameter of hair have also been fabricated. The proposed nanopipette 

provides a good example of a device, which incorporates the nano and the micro device 

in few simple steps. In addition, the proposed AFM cantilever nanopipette offers the 

following advantages: 1) the extremely difficult task of handling individual CNTs is 

made easy by incorporating a micro device. 2) The device not only acts as a sensor for 

studying the structural details of a sample at sub-nanoscale resolution, but at the same 

time it also acts as a nanopipette for injecting and extracting minute samples from with in 

cells. 3) Multiple sample injections to a single cell can be conducted without harming the 

cell. 4) Batch fabrication process of AFM cantilever nanopipettes could produce as many 

as 200 devices using a 300 mm silicon wafer. Even though the numbers of fabrication 

steps required to build the device are many, the actual amount of time required for each 

step ranges from 2 sec to 60 min. Except for silicon wafer all other materials required for 

the fabrication of the device are in minute quantities. Silicon wafers are also very easy to 

process and the raw materials required for the production of the wafer are found abun-

dantly in nature. Thus, the final cost of a single AFM cantilever nanopipette could range 

from 20 cents to a few dollars depending on the quality of the raw materials used. 

Finally, this device could help shin light and contribute immensely to the study of single 

organisms, which in turn would help us answer unanswered questions about the behavior 
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of indivisible cells to various chemical and physical stimuli such as toxins, drugs, 

temperature, pressure, etc. 
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Figure B-1. Schematics of atomic force microscopy. 
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Figure B-2: Movement of cantilever in the z direction. http://www.nano-

lab.com/imagegallery.html. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

313

 
Figure B-3. Single walled CNT. http://www.veeco.com/default.asp. 

 
Figure B-4. Multiwalled CNT. http://www.veeco.com/default.asp. 

 
Figure B-5. Bamboo shaped CNT. http://www.veeco.com/default.asp. 
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Figure B-6a&b. Micrtweezers by Si etching24 & microsized nut compared to an ant23 
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Figure B-7. Steps involved in the microfabrication of AFM cantilever. 

 

 

 

 

(7.11) 

(7.13)      Top View  
      Side View  

            Photoresist 2µm

MWNT

   Silicon wafer 20µm thick  

  5-6µm 

SiO2

SU-8 

Pyrex glass 
Fluid channel 

MWNT

                 Si                          Reservoir 

  5-6µm 

SiO2



 

 

317

 
 

 

Figure B-8. Schematic representation of the cell membrane. 

http://wsrv.clas.virginia.edu/~rjh9u/humbiol.html. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

318

             
 

 

Figure B-9a & b. Cantilever displacement- piezo distance curve33 
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