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Abstract 

Research in the field of sol-gel derived materials has evolved dramatically over 

the past forty years. The developments in the past decade, in the field of bioanalytical 

chemistry, have revolutionized this field. Early research, as well as that done by our 

group, has confirmed that the commonly used alkoxysilane precursors 

(tetraethylorthosilicate - TEOS or tetramethylorthosilicate - TMOS) are not ideal for 

entrapment of biomolecules. They produce materials that are brittle, often undergo 

cracking due to hydration stresses and in some cases, can block the accessibility of the 

analyte to the entrapped biomolecules. My research project therefore focuses on the 

development ofnew sol-gel processing methods through the use of an additive- glycerol, 

which will produce new "second generation" glasses. I have focused on obtaining a basic 

understanding of glycerol-doped sol-gel derived materials and the effect they have on the 

entrapped biomolecules. Glycerol-doped sol-gel materials display larger pore size, 

decreased shrinkage and cracking as compared to the TEOS-based materials. Biocatalysts 

entrapped in glycerol-doped materials showed significantly smaller decreases in activity 

over a period of one month relative to enzyme entrapped in TEOS. Also, to gain further 

insight into the effects of glycerol doping on the properties of entrapped proteins, both 

steady-state and time-resolved fluorescence of Trp 214 was used to examine the 

conformation, dynamics, accessibility, thermal/chemical stability and the degree of ligand 

binding of human serum albumin (HSA) in solution and after entrapment of the protein in 

glycerol-doped TEOS-based materials. 

111 



Acknowledgements 

I would like to thank my supervisor, Dr. J.D. Brennan for all the guidance and 

support over the 1 ast three years. I would also 1 ike to extend my gratitude to all the 

"Brennanites" present and past members. 

A special thank-you goes to my parents, Minco and Gurgija Gulcev for all of their 

support, understanding, patience and continued love over the last three years. They have 

always taught me that hard work will payoff in the end. I would also like to thank my 

sister Lily, who has been so helpful. I appreciate all your words ofwisdom. 

Makedonia na Makedoncite!!! 

lV 



Table of Contents 

Chapter 1 : Introduction 

1.1. Enzyme Immobilization 1 

1.2. Sol-Gel Processing 3 

1.3. Second Generation Sol-gel Processing Methods 6 

1.4. Overview of Thesis 9 

1.5. References 11 


Chapter 2: Effects of Glycerol Doping on the Structure, Morphology and Physical 
Properties of Tetraethylorthosilicate-Derived Silica 

2.1. Introduction 14 

2.2. Experimental Section 17 

2.3. Results and Discussion 25 

2.4. Conclusion 62 

2.5. References 64 


Chapter 3: Enzyme Viability and Long-term Stability in Glycerol-doped and TEOS-based 
Sol-gel Materials 

3 .1. Introduction 69 

3.2. Experimental Section 72 

3.3. Results and Discussion 80 

3.4. Conclusions and Future Outlook 99 

3.5. References 101 


Chapter 4: Effects of Glycerol on the Behaviour ofHuman Serum Albumin in Solution 
and Sol-gel Derived Glasses 

4.1. Introduction 106 

4.2. Experimental Section 108 

4.3. Results and Discussion 116 

4.4. Conclusion 142 

4.5. References 144 


Chapter 5: Reagentless pH-Based Biosensing using a Fluorescently-Labelled Dextran 
Co-entrapped with a Hydrolytic Enzyme in Sol-Gel Derived Nanocomposite Films 

5 .1. Introduction 148 

5.2. Experimental Section 152 

5.3. Results and Discussion 155 

5.4. Conclusion 168 


v 



170 

173 

5. 5. References 

Chapter 6: Conclusion and Future Outlook 

Vl 



List of Figures 

Chapter 1 : Introduction 

1.1: The Acid-Catalyzed Sol-gel Processing Method 4 


1.2: Schematic Representation of a Biomolecule Entrapped within a Sol-gel derived 

Matrix 5 


Chapter 2: Chapter 2: Effects of Glycerol Doping on the Structure, Morphology and 
Physical Properties ofTetraethylorthosilicate-Derived Silica 

2.1: 29Si NMR Spectra of Si1:Gly0 sol evolution with time (time between spectra: 
4.5 minutes) 26 


2.2: 29Si Solution NMR Spectra ofSi1:Gly0_60 sol evolution with time (time between 

spectra: 4.5 minutes) 27 


2.3: Evolution of Condensation Species in Si1:Gly0with as a function of total 

integrated peak intensities 29 


2.4: Evolution of Condensation Species in Sh :Gly0with as a function of total 

integrated peak intensities 29 


2.5: Mass Spectra ofSi1:Glyo, Si1:Glyo.6o and Si1:Gly4.16 followed by CID MS/MS 

Spectrum ofm/z 151 32-33 


2.6: FTIR Spectrum showing the peaks of interest in the characterization of 

sol and gelled material using Kubelka-Munck (a.u.) 37 


2.7: FTIR data showing the evolution ofthe ratio ofSi-0-X to Si-Od species 

with time for TEOS and glycerol-doped sols 38 


2.8: Gelation Times versus Sol Material at pH 7.0 42 


2.9: Normalized Fluroscence Emission Spectra ofSi1Gly0 and Si1:Gly0_60 sol-gels 

monitoring the% v/v EtOH present (using 438 nm peak ofpyranine) 44 


2.10: Direct Excitation of 29Si MAS ofTEOS-based and glycerol-doped Gelled 45 

Samples 


Vll 

http:Si1:Gly4.16
http:Si1:Glyo.6o


2.11: 29Si MAS spectral peak intensities normalized to the cumulative peak areas of 
all the condensation peaks present in the TEOS-based and glycerol-doped sol-gel 
Materials 46 

2.12: 13C CP-MAS NMR spectra of the Gelled TEOS-based and Glycerated 
Material 47 

2.13: Percent Volume Remaining ofthe TEOS-based and glycerol-doped sol-gels 
studied 51 

2.14: Percent Transmittance of sol-gel Si1:Glyo, Si1:Glyo.6o and Sh:Gly4.16 Samples 52 

2.15: Adsorption and Desorption Isotherms ofTEOS-based and glycerol-doped 
sol-gel Materials 53 

2.16: Dissolution (of samaller pores) and Repreciptation of Silica into negative 
crevices (oflarger pores) 55 

2.17: BJH Pore Size Distribution of the Sol-gel undoped and glycerol-doped 
materials 57 

2.18: Morphology of the TEOS and Glycerated Materials 60 

2.19: Cracking of Sol-gel Think Films- Pre-Hydration (left) and Post-Hydration 
(right) 61 

Chapter 3: Enzyme Viability and Long-term Stability in Glycerol-doped and TEOS-based 
Sol-gel Materials 

3.1: Urease Crushed Glass Activity Assay for TEOS and glycerol-doped sol-gel 
after 30 days of aging using the colorimetric ofphenol red 83 

3.2: Optimized Glycerol-Doped Sol-gels for Entrapped Urease relative initial 
activity normalized with respect to the activity ofTEOS-based materials 85 

3.3: Optimized Glycerol-Doped Sol-gels for Entrapped GOx relative initial 
activity normalized with respect to the activity ofTEOS-based materials 86 

3.4: Calculated Viscosity measurements (expressed in cP) determined using the 
fluorescent probe R 6G 92 

3.5: Relative Initial Activity ofUrease with Time (data averaged over five 
samples) 96 

Vlll 



97 3.6: Relative Initial Activity ofGOx with Time (data averaged over five samples) 

Chapter 4: Effects of Glycerol on the Behaviour ofHuman Serum Albumin in Solution 
and in Sol-Gel Derived Glasses 

4.1: Solution (non-glycerated and glycerated) and Entrapped (undoped and 

doped) sol-gel materials. Emission Spectra ofHSA (A) and NATA (B) 118 


4.2: Spectral Emission Shift of entrapped HSA for day 1 (A) and day 26 (B) 

of aging 119 


4.3: Panel A: Unfolding curves from thermal denaturation of free HSA in non­

glycerated buffer (•), in (A) 30% v/v glycerol-doped buffer (not degassed), in 

(6.) 30% v/v glycerol doped buffer (degassed) and (e) 70% v/v of glycerol­

doped solution. Panel B: Emission Maximum wavelength ofnon-glycerol and 

% v/v glycerol-doped solutions monitored as a function of temperature 121 


4.4: Monitoring the effects on increasing temperature on the emission maximum of 

entrapped HSA (day 30) to probe the relative stability ofprotein (where • Si1:Gly0, 

A.Si1:Gly0.60 and e Sh :Gly4.16). The horizontal lines are entrapped HSA in TEOS-

based and glycerol-doped sol-gels in the presence of 4.0 M GdHCl. 123 


4.5: Panel A shows the chemical denaturation curves ofHSA in the absence (•) 

and presence of Glycerol (A 8.5% v/v and e 30.1% v/v glycerol-doped 

solutions). Panel (B) shows the Amax as function of increased [ GdHCl] 125 


4.6: Entrapped HSA in the presence of 6.0 M GdHCl as compared to corresponding 

solutions with varying levels of% v/v glycerol in the presence of 4.0 M GdHCl 126 


4.7: Possible Environment Encountered by the Entrapped Protein 128 


4.8: Salicylate Binding of free HSA in non-glycerated (•), 8.5% v/v (A.) and 

30.1% v/v (e) glycerated solution 130 


4.9: Upward curvature of the Stem-Volmer is indicative of Static Quenching 

as shown for acrylamide quenching of free HSA in presence 30.1% v/v glycerol 

dopant (where • uncorrected effects of static quenching, e volume of interaction 

corrected plot) 131 


4.10: Lifetime quenching acrylamide quenching of entrapped HSA in TEOS­
based (•) and glycerol-doped (A) Si1:Glyo.6o and (e) Si1:Gly4.16 sol-gel 

IX 

http:Si1:Gly4.16
http:Si1:Glyo.6o


materials (note: lifetime measurements were used for quenching studies to avoid 
static quenching and ascertain the degree of accessibility ofHSA to acrylamide) 133 

4.11: Fractional Contributions and Mean Lifetimes as Function of Sol-gel Material 
and Aging Time. Plot (A) is representative ofSi1:Glyo; (B) shows Si1:Gly0.60 and (C) 
illustrates Si1:Gly4.16. Graph (D) shows the Mean Lifetime as Function of Aging 
Time and Sol-gel Material (where (•) Si1:Glyo, (~) Sh:Gly0.60 and (e) Sh:Gly4.16) 

135 

4.12: Plot (A) Emission Maximum versus Aging Time and (B) Steady-state 
rotational correlation times (<Dss) versus Aging Time (where (•) Si1:Gly0, 
(~)Sh:Glyo.6o (e) Sh:Gly4.16) 137 

Chapter 5: Reagentless pH-Based Biosensing using a Fluorescently-Labelled Dextran 
Co-entrapped with a Hydrolytic Enzyme in Sol-Gel Derived Nanocomposite Films 

5.1: Structure ofSeminaptharhodafluor-1 (SNARF-1) 150 

5.2: The ratiometric Response ofSNARF as a function ofthe production of 
ammonium carbonate during urease-catalyzed hydrolysis of urea 151 

5.3: Typical pH response profiles for SNARF-dextran in solution (e) and in sol-gel 
derived films prepared from pure TEOS (•) and from DMDMS containing 3% (v/v) 
PVA (~). The error bars for SD in solution are within the symbols. The lines are 
intended only as a guide for the eye. The inset figures show the spectra obtained 
from TEOS derived films, the arrows show the direction of the peak intensity changes 
on shifting the pH to more basic conditions 160 

5.4: pH response as a function of time during addition of acid or base to 
SNARF-dextran in TEOS derived films. The response refers to the successive addition 
of six 10 IlL aliquots of0.1 M NaOH (0-500 s), resulting in decreases in the emission 
ratio, or 0.1 M HCl (500-1000 s), resulting in increases in the emission ratio. Note: 
the dips in intensity shown in panel A are due to closing of the shutters in the 
instrument during addition of reagents, and are not part of the actual response of the 
probe 162 

5.5: Relative activity of the urease as a function of film composition 164 

5.6: Calibration plot for a TEOS-glycerol based film containing urease and SNARF-dex 
upon addition ofvarying concentrations of urea 167 

X 

http:Sh:Gly4.16
http:Sh:Glyo.6o
http:Sh:Gly4.16
http:Sh:Gly0.60
http:Si1:Gly4.16
http:Si1:Gly0.60


List of Tables 

Tables for Chapter 2: 

2.1: Respective and Theoretical Condensation Species for the Sol Materials 

2.2: Characterization Using IR Spectroscopy of Sol Material and Solvents Present 

2.3: BET Parameters, Surface Area (SBET), Total Pore Volume (Vp) and Pore 
Diameter <I> for Gelled Material 

25 

35 

54 

Tables for Chapter 3: 

3.1: Urease Enzyme Activity Parameters determined from an average offive 
measurements 87 

3.2: Glucose Oxidase Activity Assay Parameters obtained from an average of five 
measurements 88 

Tables for Chapter 4: 

4.1: Acrylamide Quenching ofHSA in the Presence of Glycerol Dopant 

4.2: HSA in Solution with varying Glycerol Dopant and Entrapped in Various 
Sol-gel Materials 

129 

139 

4.3: Melittin and RNASeT1 Steady-State Anisotropy 142 

Tables for Chapter 5: 

5.1: Properties of entrapped SNARF probe. All values are given after aging 
the films for 24 hours in sealed cuvettes, unless otherwise stated. 158 

Xl 



List of Abbreviations 

ABTS- 2-2' azinobis (3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt 
a.u. - absorbance units 
BET calculation- Brunnauer, Emmett, & Teller calculation 
BJH calculation - Barrett, Joyner and Halenda calculation 
BSA - Bovine Serum Albumin 
CID - Collision Induced Dissociation 
Cr( acac )3 - Chromium acetylacetonate 
DGS- Diglyceryl Silane 
ESI- Electrospray Ionization 
ESI-MS- Electrospray Ionization Mass Spectrometry 
ESI MS/MS - Tandem Electrospray Mass Ionization Spectrometry 
EtOH- Ethyl alcohol 
FT-IR- Fourier Transform Infrared Spectroscopy 
GOx -Glucose Oxidase 
H20 (d.d)- distilled deionized water 
HEPES - 4-(-2hydroxyethyl)-l-piperazineethanesulfonic acid 
HRP - Horseradish peroxidase 
HSA- Human Serum Albumin 
kcat - substrate turnover number 
kcat!KM - catalytic efficiency number 
KM- Michealis Menten Constant (binding constant) 
MAS - Magic Angle Spinning 
MALDI- Matrix Assisted Laser Desorption Ionization mass spectrometry 
ORMOSILs- Organically-Modified Silanes 
NiNTA- Nickel nitrilotriacetic acid 
NMR- Nuclear Magnetic Resonance 
PEG- Polyethylene glycol 
PEl- Polyethylene imines 
PGS - Polyglyceryl silanes 
Phenol red- Phenolsulfonphthalein 
pi- isoelectric point 
PVA- Polyvinyl alcohol 
pyranine- 8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt 
R 6G- Rhodamine 6G 
RNASe Tl -Ribonuclease Tl 
SBET - surface area calculated using BET calculation 
SEM - Scanning Electron Microscopy 
SNARF- Semi-naphtharhodofluorophore 
SNARF-dex- Semi-naphtharhodofluorophore Dextran 
SS-NMR- Solid State Nuclear Magnetic Resonance Spectroscopy 
TEOS- Tetraethyl orthosilicate 
TGA- Thermal Gravimetric Analysis 

Xll 



TMOS - Tetramethyl orthosilicate 
TMS-Tetramethylsilane 

xm 



Chapter 1 


Introduction 


1.1. Biomolecule Immobilization 

Immobilization can be defined as the confinement of a biomolecule in a distinct 

phase, which undergoes exchange reactions with, but is separate from, the bulk phase in 

which substrate or inhibitor molecules are dispersed and monitored. 1 The biomolecule 

can be restricted in various ways: it can be covalently bonded, adsorbed (through 

electrostatic or hydrophobic interactions), or physically entrapped. The earliest method 

of immobilization employed was physical adsorption. In physical adsorption the enzyme 

is bound to a surface without the use of covalent bonding. A variety of adsorption 

techniques have been utilized; the binding forces may be ionic, hydrophobic, hydrogen 

bonding, or Van der Waals' interactions.1 Unfortunately, the major disadvantages 

encountered in this technique are the reversible nature of the bonding between the 

enzyme and the support, which may lead to desorption of the enzyme upon the addition 

of the substrate, and the inability to control the orientation of the biomolecule, which 

results in poor overall activity. 

Another early method which was extensively used for immobilization of enzymes 

involved tethering of the enzyme to an organic polymer (such as cellulose or 

polyacrylamide) or entrapping the enzyme within a porous polymer such as nylon. The 

disadvantages associated with this method are that it lacks tuneability and compatibility 

(the biomolecule has to be hydrophobic in nature), the entrapped enzyme may leach, and, 



in the presence of an aqueous solvent, there is the potential for preferential partitioning of 

analytes from the vicinity of the enzyme. 1 

Perhaps the method most extensively used to immobilize enzymes is covalent 

bonding to activated supports such as polymers. This method involves the formation of 

bonds to lysine (NH2), glutamic acid (COOH) or cysteine (SH) residues, and allows for 

the enzyme to be firmly and irreversibly bound to its support. 1 Covalent immobilization 

overcomes the desorption problem, but is time-consuming, costly, and may still produce 

randomly oriented proteins with poor activity. As a result of the negative drawbacks 

associated with the covalent immobilization method, as described above, many groups 

now use a process termed 'oriented covalent immobilization'.2 Oriented immobilization 

is a generic term encompassing many affinity-based techniques, such as: biotin-avidin 

interactions, aptamer capture, antibody capture and the use of His6 tags to bind to NiNT A 

(nickel nitrilotriacetic acid) - derivatized surfaces. The first method takes advantage of 

the extraordinarily high affinity constant(~1 015
) between biotin and avidin (streptavidin), 

which makes this method an efficient one for oriented immobilization using specific 

biotinylation of the biomolecule. 2 The second method utilizes aptamers (single stranded 

nucleic acid sequences that can bind to secondary species), which are bound to a surface 

(often via the biotin interaction) and selectively capture the protein of interest in a 

controlled orientation.3 Yet another method of oriented immobilization of proteins is 

through the use of suitable antibodies which again capture the proteins in a controlled 

orientation.2 In the final method site-directed mutagensis is used to place N-terminal 

hexa-histidine tags into a proteins equence to achieves ite-specific binding toN iNTA­

2 




derivatized surfaces.4 While these methods can control orientation often they require 

time-consuming steps to produce selective aptamers or antibodies, or require recombinant 

proteins, restricting their universal application. 

1.2. Sol-Gel Processing 

A different type of immobilization is based on physical entrapment of enzymes in 

an inorganic polymer matrix that is formed via the sol-gel process. Encapsulation into 

the sol-gel-derived silica is perhaps the single most facile and generic immobilization 

technology available today.5 Encapsulation involves trapping the biomolecule within a 

nanoporous silica network where the analyte can diffuse into the matrix while the protein 

remains entrapped. The polymerization process can be done at low temperature, in an 

aqueous environment, and thus is highly biocompatible, leading to the formation of a 

hydrated biogel that contains active enzymes in an aqueous environment.5 The 

encapsulation approach confines the biomolecule by size exclusion and therefore 

orientation of the biomolecule is not an issue.6 

Interest in sol-gel processing of inorganic ceramic and glass materials began as early 

as the mid-1800s with Ebelman and Graham's studies on silica gels.7 Although the 

utility o fs ol-gel-derived matrices as hosts foro rganic and organometallic dopants had 

been known for quite some time; it was not until 1990 that A vnir and coworkers were 

able to encapsulate proteins within an inorganic silicate matrix. 8 Since this time, 

optimization of entrapment protocols has been described by Avnir,9 Zink6 and other 

groups.s,Io 
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The standard protocol for the synthesis of sol-gel-derived materials occurs by 

acid-catalyzed hydrolysis and condensation of alkoxysilane precursors. 5 The 

alkoxysilane precursor (either TEOS tetraethylorthosilicate or TMOS 

tetramethylorthosilicate) undergoes nucleophilic attack by the oxygen in water causing 

the alkoxide groups (OR) to be replaced by hydroxyl groups (OH), as shown in the 

hydrolysis step in Figure 1.1. Subsequently, in the condensation reaction silanol groups 

(Si-OH) are converted into siloxane bonds (Si-0-Si) plus the by-products water or 

alcohol are formed, as illustrated in step 2 of Figure 1.1. Under most conditions, 

condensation commences before hydrolysis is complete. With time the silica fibrils cross-

link to form a 3-dimensional network, causing the system to evolve from a sol, where 

there are individual fibrils more or less weakly interacting with each other, to a gel, 

which is basically a continuous matrix of interconnected fibrils occupying space. The 

hydrated gel that initially forms is an interconnected, rigid network with pores of 

submicrometer dimensions that contain the water/alcohol mixture that is produced by the 

· d d · · II 12 h dr y o1ys1s an con ensahon reactwns. ' 

1) Si(OEt)4 + H20 + H+ - Si(OEt)4 -n(OH)n + n EtOH Hydrolysis 

3) n ..Si-0-Si- Polycondensation-
I I I I 

4) n [-Si-0-Si-0-Si-0-Si-O]n +buffer+ protein - Entrapped Protein Gelation 
I I I I 

5) Condensation and Polycondensation continue for hours, shrinking film Aging 

Figure 1.1: The Acid-Catalyzed Sol-gel Processing Method 
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The properties of a particular sol-gel-derived inorganic network are tunable by 

varying numerous parameters, such as: hydrolysis, condensation time and pH, H20 /Si 

molar ratio (R), the nature of the silane precursor, the presence of polymer additives, 

. . I . d dryi d. . 11 12 13 14 cata yst nature 1 and concentratiOn, agmg temperature tlme, an ng con 1t1ons. ' ' ' 

A dopant such as a biomolecule can be added to the sol-gel material prior to gelation to 

physically trap the biomolecule in the cross-linked silica network, as shown in Figure 1.2. 

The biomolecule may act as a template around which the gel solidifies; therefore, the 

biomolecule is thought to be held in place as a result of size exclusion rather than direct 

interaction with the silica surface. 6 

• 

Formation of sol particles during Addition of protein to the sol 
initial hydrolysis and condensation 

• 

Growing silicate network begins 

Proteins are immobilized in the gelto entrap the dopant protein 
molecules 

Figure 1.2: Schematic Representation of a Biomolecule Entrapped within a Sol-gel 
derived Silica Matrix 

5 




By far the majority of sol-gel based protein entrapment studies have used TEOS 

or TMOS as the silane precursor. The advantages of utilizing TMOS and TEOS-based 

glasses are the following: they allow for some control of the reaction medium and 

conditions, they prevent bacterial and chemical degradation and they are cost-effective 

and optically transparent.6
'
8

'
9 The drawbacks, however, associated with this starting 

material far outweigh the positive aspects, mainly: liberation of alcohol by the precursors 

can lead to denaturation of the entrapped biomolecules, the silica material formed has 

small pores (ca. 2-5nm in diameter), which leads to inaccessible sites, the material 

continues to evolve over many months which can lead to problems with calibration of 

biosensors, shrinkage of material upon loss of entrapped solvent is significant (up to 

80%), and cracking is often observed.9
'
15 The above disadvantages ofTEOS and TMOS­

based glasses have lead to the formation of second-generation sol-gel processing methods 

which have extended the stability and the activity of the entrapped bioencapsulate. 

1.3. Second Generation Sol-gel Processing Methods 

As mentioned above, a major drawback of the inorganic materials derived from 

TEOS or TMOS is that they liberate a significant amount of alcohol during the hydrolysis 

step, as shown in Figure 1.1, which must be at least partially removed in order to 

decrease denaturation of the protein upon entrapment. Perhaps the easiest way to 

alleviate the deleterious effects of alcohol is through its removal upon formation. Levy 

and colleagues describe vacuum elimination of alcohol by rotavaporation methods in the 

preparation of TEOS and TMOS sol-gel materia1. 16 This procedure leads to materials 

6 




with larger pores, less shrinkage and higher activity of the entrapped biomolecules. 

Another way to circumvent the problem is by changing the starting material to sodium 

silicate, 17 or silicic acid to avoid the production of alcohol during the formation of the 

sol-gel-derived material. Materials, however, derived from such processes still undergo 

considerable shrinkage and cracking and tend to be microporous, leading to poor 

accessibility of entrapped biomolecules. 

Another route to improve the material properties is to use Organically-Modified 

Silanes (ORMOSILs - which have alkyl groups attached directly to Si), which are added 

to TEOS or TMOS, to provide an additional degree of tunablility in terms of both cross­

linking and the hydrophobicity/ hydrophilicity of the sol-gel materia1. 18 Such precursors, 

including methyl, dimethyl, propyl and other organo functional silanes, have been noted 

to improve the stability of hydrophobic proteins such as Lipase. 19 However, one of the 

disadvantages associated with ORMOSIL-doped sol-gel materials is that the presence of 

the alkyl groups reduces the degree o f cross-linking, 1 eading to a 1 ess robust material. 

Also, the organic functionality can be added only to a certain level before phase 

separation occurs resulting in poor optical clarity and cracking of the material. 18 

Yet another method of altering the material properties is by adding a dopant to the 

inorganic matrix (TEOS). Dopants which have been used are: hydrophobic or 

hydrophilic polymers (i.e. PEG-polyethylene glycol, PV A- polyvinyl alcohol, PEl­

polyethylene imides ), ionic and zwitterionic surfactants, micelles, liposomes, dyes, redox 

species, graphite and sugars. 15 
'
20 The materials formed by use of these dopants allow for 

tunability o f polarity, conductivity, morphology and biocompatibility, and the resulting 
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material can be designed to be rigid, semi-rigid or flexible. Optimization of the dopant 

level, however, is necessary, and beyond a certain level dopants may lead to phase 

separation of the material causing a decrease in optical clarity. 15 For further information 

on the entrapment of proteins and other biological species into a wide range of sol-gel­

derived nanocomposite materials and a basic understanding of these materials and their 

numerous applications including: the development of biosensors, stationary phases for 

affinity chromatography, biocatalysis, immunosorbent and solid-phase microextraction 

coatings, refer to recent reviews by Brennan15 and Gi11. 21 

Yet another method that can be used to improve the properties of sol-gel-derived 

silica is to move away from alkoxysilanes toward more biocompatible precursors that 

liberate protein stabilizing compounds. This approach was first demonstrated in 1998 by 

Gill and Ballesteros, who reported the synthesis of glycerated silanes, polyglycerylsilanes 

(PGS),20 as a precursor for the formation ofprotein doped silicate material. The new 

precursor generated bioglasses that retained high protein activity and displayed large pore 

sizes and minimal shrinkage. The formation of the polyglycerated material, however, 

involved a multi-step process involving refluxing and rotovapping steps, which were very 

difficult to reproduce, and required the presence of catalysts, which were not removed 

before entrapment of proteins.20 

Therefore, the focus of this research project was to develop and characterize a 

simplified method for preparing highly biocompatible glasses wherein glycerol was 

slowly added at varying levels to provide a biocompatible silane mixture before the 

addition of proteins. The major impetus of this thesis was to determine an optimal 
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glycerol level which would impart maximal stability and increased shelf-life for the 

entrapped enzymes while at the same time minimizing both shrinkage and cracking of the 

material. A second major goal was to gain insight into the nature of the glycerol-doped 

material and the properties of entrapped proteins within these materials in order to 

explain the effects that glycerol doping has on the structure, stability and function of 

entrapped proteins. 

1.4. Overview of Thesis 

In the past decade, use of alkoxysilane-based glasses has emerged as a viable 

method of enzyme immobilization. As described in detail previously, there are many 

problems associated with TEOS/TMOS-based materials and for this reason there is a 

need for a new starting material. The research in this thesis focuses on the 

characterization of glycerol-doped sol-gel materials through the use of traditional 

techniques such as NMR (nuclear magnetic resonance), IR (infrared spectroscopy), MS 

(mass spectrometry), SEM (scanning electron microscopy) and fluorescence 

spectroscopy. The main goal is to determine whether glycerol doping imparts increased 

stability to the entrapped enzymes as compared to the traditionally used TEOS-based 

glasses. A related goal is to investigate the environment within the sol-gel matrix into 

which the biological molecule is encapsulated to gain a clearer picture of how the interior 

of normal and glycerol-doped matrices affect the structure, conformational flexibility, 

accessibility, and thermal stability of entrapped biomolecules. To achieve this goal, the 

behaviour of the biomolecule was further probed through the use of time-resolved 

9 




anisotropy techniques, which provide insight into biomolecule dynamics and the presence 

and extent of biomolecule-silica interactions within doped and undoped materials. 

Finally, preliminary work was done on the development of a reagentless biosensor 

prototype for the detection of urea. In this reagentless biosensor prototype the enzyme 

urease and a pH-sensitive fluorescence probe were co-entrapped within a sol-gel-derived 

thin film and only the analyte (in this instance the substrate) was needed in order to 

generate a fluorimetric response. 

This chapter provides introductory information on the process utilized for the 

entrapment of enzymes within sol-gel-derived material. Chapter 2 investigates the 

development of a biocompatible glycerol-silane precursor and describes the 

characterization of the sol-gel processed materials used for the entrapment of 

biomolecules. Chapter 3 examines the activity, stability and catalytic properties of the 

enzymes urease and glucose oxidase entrapped within the glycerol-doped sol-gel 

materials. Chapter 4 describes a series of fluorescence-based experiments that are used to 

assess the factors, which influence the stability of entrapped biomolecules within the 

glycerol-doped sol-gels, and seeks to determine how such factors (accessibility, 

dynamics, and stability) control enzyme behaviour in glass. Chapter 5 combines all the 

information gained from the previous chapters and describes the design of a reagentless 

biosensor prototype. Finally, Chapter 6 provides conclusions and suggestions for future 

work. 
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Chapter 2 

Effects of Glycerol Doping on the Structure, Morphology and Physical Properties of 
Tetraethylorthosilicate-Derived Silica 

Glycerol-loaded sol-gel-derived silica materials were prepared by adding varying 

levels of glycerol into an acid-hydrolyzed, TEOS-derived sol, followed by addition of an 

aqueous buffer solution to induce gelation. The composition of the glycerol-doped 

precursor solution was characterized using 13C and 29Si NMR, FT-IR and ESI-MS to 

assess whether transesterification of TEOS by glycerol had occurred in sols and gels, and 

by fluorescence spectroscopy of pyranine-doped gels to assess the level of ethanol 

retained in the glycerol-doped materials. After gelation the morphology and optical 

transparency of the silica materials were examined via UV-VIS absorbance, SEM 

(scanning-electron microscopy), and N2 adsorption porosimetry methods. It was 

determined that increased levels of glycerol led to a significant improvement in optical 

clarity, produced reduced shrinkage and cracking and led to larger mesopores in the final 

material. These material properties provide insight into the potential roles of glycerol in 

stabilizing entrapped proteins, as will be discussed in subsequent chapters. 
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2.1. Introduction 

In the past decade several reports have appeared describing the encapsulation of 

biomolecules into monoliths derived from tetraethyl orthosilicate (TEOS) or tetramethyl 

2 3 4 5orthosilicate (TMOS). 1' ' ' ' Encapsulation protocols generally involved the hydrolysis 

of the alkoxysilane precursor in the absence of added alcohol via sonication. A buffer 

solution containing the protein of interest was then added to the reaction medium to 

promote gelation. The addition of buffer brings the pH of the system up to biologically 

acceptable levels and dilutes the alcohol produced during hydrolysis. In most cases, low­

temperature aging over a period of several days or weeks resulted in a durable, optically 

clear biomaterial, which showed good retention of protein activity, as summarized in 

several recent reviews6
'
7

'
8 

Recently, several groups have published a number of studies which show that 

adding dopants such as sugars and polyols to TEOS during the hydrolysis stage can 

produce a composite material that is both m esostructured and b iocompatible.9 E ggers 

and Valentine have explored the causes of the enhanced stability of entrapped proteins in 

wet aged glasses that had protein stabilizing dopants, such as sugars and amino acids, 

added to them after gelation. 10 We also examined how the presence of the osmolytes 

sorbitol and sarcosine (N-methylglycine) in the buffered protein solution, which were 

used to form the glass, affects both the thermodynamic stability and activity of enzymes 

entrapped into TEOS-derived silica. Measurement of the physical properties of 

osmolytes showed increases in average pore size, which resulted in greater diffusion of 

analytes into the matrix, and thus higher overall enzymatic activity. 11 Wei and 
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researchers on the other hand, report on the development of templating the sol-gel 

material using D-glucose. In this method, D-glucose templates sol-gel material 

prpepared from tetraalkyl orthosilicate, which resulted in the creation of mesoporous 

silica. 12'13 

Further studies have extended the concept to include the preparation of specific 

polyol-silane materials such as PGS (polyglyceryl-silane )9 and DGS ( diglyceryl-silane ). 14 

Such materials were shown to stabilize various biomolecules which did not remain 

functional in matrices derived from TEOS. 

A key question that has not yet been fully explored is what changes in material 

properties arise as a function of increased levels of glycerol. Glycerol was chosen on the 

basis of its solubility and its extensive use as a protein stabilizer. The primary objective 

of this chapter is to prepare and characterize glycerol-doped composite materials using 

protocols which are amenable to protein encapsulation. These protocols include 

sonication of precursors in the absence of added ethanol, addition of a buffer solution to 

3promote gelation, and low-temperature aging.1- We prepared materials by sonicating 

TEOS and adding 0 to 4.16 mol ratio of Gly:Si. 

Composite materials were characterized usmg fluorescence, nuclear magnetic 

resonance (NMR), FT-IR spectroscopy, mass spectrometry, scanning electron 

microscopy and pore size analysis. Many 29Si and 13C NMR studies have appeared 

recently describing the hydrolysis and condensation of TEOS,15'16 with sugars and sugar 

18'19acids. 17
' 

29Si NMR was used to study the structural intermediates in TEOS (Si1:Glyo) 
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and glycerol-doped (Si1:Gly0.60 and Si1:Gly4.16) sol-gel precursors. In this work, NMR of 

both sol and solid (gelled) samples was done using 1H, 13C and 29Si nuclei. 

Tandem electrospray ionization mass spectrometry (ESI-MS/MS)20 studies were 

used to determine the daughter-ion spectra of peaks obtained from injection of glycerated 

TEOS sols into the MS. In this process termed CID (collisional induced dissociation), a 

molecular ion, selected from the first MS, is collisionally fragmented using a gas such as 

Ar, and the m/z ratio is measured for the resulting daughter fragment ions.21 

Both the sol and gel synthesized materials were tested using IR spectroscopy. FT­

IR can be used to characterize the oligomeric species formed during the hydrolysis­

polycondensation reactions of TEOS, right up to the structural evolution of silica gels in 

23 24 25the early and later stages (xerogels) of conversion to glasses.Z2
• • ' This study 

investigated whether glycerol was incorporated into the silica matrix and whether it 

influenced the extent of the condensation reaction. 

Both nitrogen sorption isotherms BET and SEM were used to determine the pore 

size and pore morphology of the gel material. The porosity in sol-gel-derived oxides 

depends on the internal structure of the primary particles, the size and size distribution of 

the primary particles, how these primary particles aggregate, and how the gel structure 

responds to the capillary stresses during drying. Both BET and SEM analysis were 

employed to determine whether glycerol being incorporated into the silica matrix altered 

27 28the morphology of the material.26
' ' Adsorption and desorption isotherms can be 

obtained by measuring the quantities of gas taken up by or removed from the sample as 
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the relative pressure is raised and lowered.29
•
30 The resulting adsorption and desorption 

isotherms were examined to provide information about the pore size and shape.30
•
31 

Initially, the chemical properties of glycerol-loaded sol-gels were examined by 

NMR, FT-IR and MS techniques, to determine whether glycerol was incorporated into 

the silica matrix and the extent to which it influenced the rate of condensation. The 

altered chemical properties in tum affected the physical properties of the glycerol-doped 

sol-gels, as shown with SEM and N2 sorption techniques. Overall, this chapter aims to 

address the impact glycerol doping has on the sol-gel process. 

2.2. Experimental Section 

2.2.0. Chemicals: 

Tetraethylorthosilicate (TEOS, 99.999%) was obtained from Aldrich Chemical 

Company (Oakville, ON). Glycerol (99.999%) was ordered from Caledon Chemicals 

(Georgetown, ON). Pyranine (8-hydroxy-1,3,6-trisulfonated pyrene) was purchased from 

Molecular Probes (Eugene, Oregon). Water was purified by reverse osmosis and 

deionized using a 4-stage Milli-Q Synthesis A 10 water purification system. A 11 other 

chemicals and solvents used were of the highest available grade and were used without 

further purification. 
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2.2.1. Preparation ofGlycerol-Doped Silanes: 

Sol preparation: 2.25 mL ofTEOS, 0.7 mL of H20 (d.d) and 0.05 mL of0.1 N HCl 

were mixed and sonicated until the mixture became a clear, homogeneous phase (ca. 1 

hour). At this point, varying volumes of glycerol were added, at 41 ± 2 oc over an hour, 

with continual stirring, to prepare solutions with glycerol:TEOS mole ratios, ranging 

from 0.08:1 to 4.16:1. Upon complete addition of glycerol, the mixture was immediately 

used for studies of precursor composition or was used to prepare gels as described below. 

2.2.2. Preparation ofGels: 

Gels were prepared as bulk glasses by combining a 1 :1(v:v) ratio of the hydrolyzed 

silane (TEOS-based or glycerol-doped silanes) and a buffer solution (10 mM sodium 

phosphate/ 100 mM KCl at pH 7.2) into a methacrylate cuvette and shaking the contents 

gently to ensure complete mixing of the two solutions. Samples had final volumes of 

1 em x 1 em x 1.5 em (blocks) or 0.3 em x 1 em x 4.0 em (slides). Slides were prepared 

by sealing the cuvettes with Parafilm ™ and tipping the cuvettes on their sides prior to 

gelation. The addition of a buffer for gelation resulted in the R values (H20:Si molar 

ratio) of 11 during gelation of TEOS-based samples. With increasing glycerol content 

the R values (H20:Si molar ratio) increased, for Si1:Gly0.60 an R value of 13 and for 

Si1:Gly416 an R value of28 were obtained, respectively. Following the mixing of the two 

components, the cuvettes were capped with Parafilm ™ and were allowed to gel at room 

temperature. After gelation the blocks or slides were either dry aged (by punching five 
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holes into the Parafilm ™) without washing or washed extensively to remove all the 

entrapped glycerol. All samples were aged at 4°C over a period of several months. 

2. 2. 3. Characterization ofSol Material: 

29Si Solution Nuclear Magnetic Resonance Spectroscopy: 

The 29Si solution NMR spectra of 2 mL samples (of Si1;Gly0 and Si1:Gly0.60) were 

obtained on a Bruker DRX 500. Spectra were collected using a 30° pulse with no 

spinning in a 7 mm zirconium oxide rotor with a spectral width of approximately 

14.9 kHz. For each experiment the number of scans collected were 256, each experiment 

took 4.5 min to run, with a recycle time of ls over a 2 hour period. In order to obtain 

high quality spectra, a relaxation reagent Cr( acac )3 was used as described by Fyfe and 

Aroca. 13 Due to solubility problems encountered with Cr( acac )3 in the glycerol doped 

sols, the concentration used in this study was 0.008M, or half of the concentration used 

by Fyfe and Aroca. 15 Lowered solubility of Cr(acac)3 in the Si1:Gly4.16 sample required 

the collection of a larger number of scans, 1024, per experiment; as a result, each 

experiment took 18 minutes. All samples were referenced to an external standard, 

consisting of neat tetramethylsilane (TMS). 

IR Spectroscopy ofSol and Gelled Samples: 

The gel samples were ground to fine powder and the liquid sol samples were utilized 

as formed. The FT-IR instrument used was the Bruker Vector 22. One hundred and 
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fifty scans were obtained for solids, 40 scans for liquids and 20 scans were collected to 

obtain the background. The data was acquired from 650 to 4000 cm-1 with a resolution of 

4 cm-1
. The acquisition mode employed collected data in transmittance units, which were 

later converted into Kubelka-Munck absorbance units. These peak intensities were 

monitored in this study using an integration function, P, available from the IR fitting 

software. 

Electrospray Ionization: Mass Spectroscopy 

Samples were tested during the sol phase of precursor formation. Sol samples 

were tested using electrospray ionization (ESI- both negative and positive modes), on a 

Waters (Micromass) - Quattro Ultima, triple quadrupole instrument, using a Z-spray 

atmospheric pressure analyzer as the ESI source. The capillary was set at 3.00 kV at a 

temperature 80 °C. The cone was set at 30-35 V, with a cone gas flow of 64 (L/Hr). 

Initially samples were diluted 100-fold (due in part to the viscous nature of the glycerated 

sols) in 0.2% NH40H ACN/H20 at pH 8 and were analyzed using negative ion ESI. To 

keep the pH consistent with sol material (which are acidic), negative mode ESI-MS was 

carried out in an acidic environment by adding formic acid (the sol was diluted fifty-fold) 

tot he solvent prior to analysis. N eats ol samples were also injected into the ESI-MS 

instrument. The only drawback is that negative ion mode ESI is suppressed in an acidic 

medium. After finding a peak of interest, the m/z 151, CID, was performed to determine 

the daughter ion spectra of this [M-Hr peak. 
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2.2.4. Characterization ofGelled Material: 

Gelation Time Studies: 

Gelation studies were performed in sealed cuvettes using 1.5 mL of sample prepared 

with a buffer consisting of 10 mM phosphate buffer with 100 mM KCl, pH 7.0. The 

material was considered a gel when it remained completely stationary upon shaking. The 

determination of the gel point is difficult to track and this measurement is qualitative in 

nature. 

Fluorescence Studies ofInternal Environment: 

Various percent volumes of EtOH in H20 or H20 in glycerol samples were used to 

determine the amount of ethanol present in the TEOS-based materials and glycerated 

silanes. Ethanol concentrations ranged from 0-100%. A calibration curve of 5 !lM 

pyranine with varying levels of EtOH:H20 was constructed and the same was constructed 

and repeated for glycerol:H20 samples. Following this, the sol-gel-derived glass was 

made containing a known amount of glycerol. The ratio of peaks of Gly + EtOH versus 

the ratio of peaks in glycerol only, gives EtOH ratio. This value is then compared to the 

standard curve ofEtOH to determine the% v/v ofEtOH present in the sol-gels. 

Solid-State MAS 29Si NMR: 

In order to quantitatively determine the relative intensities of the condensation peaks, 

at different [Gly], 29Si magic angle spinning (MAS) spectra of the solids were obtained 
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on the Bruker Advance 300 using a 4 mm zirconium oxide rotor at a frequency of 

59.62 MHz with proton decoupling during acquisition. For Be solid samples, cross­

polarization magic angle spinning at a frequency of 75.47 MHz with proton decoupling 

during acquisition was used. Both 29Si and Be samples were spun at 5 kHz. For 29Si and 

Be, 5.5 ms and 1.1 ms contact times were used, respectively. For 29Si the delay between 

successive pulses was 3 s, using a 2 ms pulse width and spectral width of 14.9 kHz. For 

Be SS-NMR multiple scans ranging from 3600 to 17700 were obtained using a spectral 

window of273.8 ppm. 

Thermal Gravimetric Analysis - TGA: 

Both washed and unwashed samples were tested using thermal gravimetric analysis. 

Samples were washed with 2 mL of buffer at least fifteen times. The instrument used was 

the NETZCH ST A 409 PC. For these studies the temperature ranged from 20 - 600 oc 

degrees, with a 5 °C/min increase in temperature. To determine the amount of ethyl 

alcohol or glycerol that was present in the sol-gel, the % sample weight versus 

temperature was plotted for washed and unwashed samples. 

Pore Size Analysis: 

Pore-size analysis of completely dried monoliths was performed on a 

Quantachrome Nova 2200 surface area/pore size analyzer. The monoliths were 

extensively washed prior to analysis to remove any residual glycerol or ethyl alcohol 

present in the silica samples and were crushed to a fine powder. Note: attempts to do 
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BET measurements in the presence of glycerol did not work because the glycerol 

extracted from the matrix interfered with measurements. The samples were then dried in 

the oven at 110 oc and subsequently freeze-dried to remove any residual water. 

Subsequently, the samples were degassed for a day at 125 oc to remove air and bound 

water from the surface of the powder. The pressure was measured as nitrogen was 

adsorbed and desorbed at a constant temperature of -196 oc. Using the desorption branch 

of the resulting isotherms, the average pore size, total pore volume and distribution of 

sizes was determined using the BJH32 (Barrett, Joyner and Halenda) calculation. To 

determine the surface area of the pores, and estimate the total pore volume the Brunauer­

Emmett-Teller (BET)33 analysis (of the amount of N2 gas adsorbed at various partial 

pressures, P/P0 , with at least five points, 0.05 < PIP0 < 0.3) was done using a nitrogen 

cross sectional area of 16.2 A2
. 

Scanning Electron Microscopy (SEM): 

The samples used in SEM analysis were prepared in two different ways. The 

first was through the use of thin films, formed by spin coating of the sol onto glass slides, 

that were treated for 12 hr in KOH to remove any residue adhered to the glass surface. 

To each slide a 1:1 ratio of the silane buffer mixture was added and spun at 4000 rpm for 

10 s. In the second method utilized, monolithic slides (4 em x 1cm x 0.3 em) were 

imaged. All samples were aged for three days prior to SEM analysis. Monoliths were 

cut and the fresh surface was coated with a gold film under vacuum to improve 
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conductivity. Imaging was performed over a range of accelerating voltages from 5-40 kV 

using a JEOL 840 SEM. 

Shrinkage/Cracking Studies: 

Shrinkage studies were done on block samples only. The percent shrinkage of the 

monolithic blocks was monitored by measuring the length, width and height of the blocks 

to determine the volume for up to 4 months. For cracking studies slides were spin coated 

with the sol material of interest. This method was used as it provided greater ease for 

monitoring the effects of the glycerol dopant in the sol-gel film, since films are more 

susceptible to cracking than are monoliths. The coated slides were imaged before and 

after hydration using an optical microscope. Cracking of sample slides was also 

examined on thin film samples using SEM. 

Optical Clarity Studies: 

For transmittance studies, monolithic blocks were employed to monitor the 

optical clarity of the sol-gel material. The degree of clarity was determined using percent 

transmittance at 400 nm. Three precursors were selected for testing: the non-glycerated 

silanes, Sh :Gly0, the mid-range glycerol-doped silanes, Si1:Gly0.60, and the highest doped 

silanes Sh:Gly4.16• The transmittance studies were performed on a Cary 400 UV-VIS 

spectrophotometer, using the multi-read option at constant wavelength; all samples were 

measured in triplicate. The instrument was zeroed using empty polymethacrylate 

cuvettes in the sample and reference path. 
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2.3. Results and Discussion 

2. 3.1 .Characterization ofSol Material 

2.3.1.1. Nuclear Magnetic Resonance 

The 29Si solution NMR spectra of TEOS and glycerol-doped precursors were 

obtained after one hour of sonication and one hour of continual stirring, during which 

time the glycerol was incorporated into the sol. Figures 2.1 and 2.2 show the solution of 

29Si NMR of the Si1:Gly0 and Si1:Gly0.60 sols as a function of time after addition of 

glycerol (oro ne hour of stirring for TEOS). The condensation products are described 

35 36according to the Qn terminology of Engelhardt.34
' ' The n term is indicative of the 

number of Si-0-Si linkages. The respective condensation species which show up in the 

figures below are summarized in Table 2.1. Figures 2.1 and 2.2 showed the relative 

changes of the condensation species of the sol material as a function of time. 

Table 2.1: Respective and Theoretical Condensation Species for the Sol and Gelled 
Materials 

Peak Spectra Shifts 
(ppm) 

Condensation 
Peaks Qn 

Theoretical Peaks 
(ppm)3t 

Si Linkages 

Qu -74.31 to -81.95 No Si-0-Si 

-81.13 to -81.21 Ql -79.93 to -88.85 1-(Si-0-Si) 

-83.13 to -83.50 Q1(dimer) -79.93 to -88.85 1-(Si-0-Si) 

-90.75 to -90.97 QL -91.00 to -95.00 2-(Si-0-Si) 

-100.12 to -100.43 QJ -99.00 to -103.00 3-(Si-0-Si) 

-109.95 to -110.90 Q4 ~ -110 4-(Si-0-Si) 
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50 100 150 ppm 

58.5 min 

Figure 2.1: 29Si Solution NMR spectra of Sh :Gly0 sol evolution with time (time between 
spectra: 4.5 minutes) 
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58.5 min 

Omin 

50 100 150 ppm 

Figure 2.2: 29Si Solution NMR spectra of Si1:Gly0.60 sol evolution with time (time 
between spectra: 4.5 minutes) 
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Figures 2.3 and 2.4 illustrate the evolution of each condensation species with time as a 

function of the total integrated peak intensities. Figures 2.3 and 2.4 clearly show the ratio 

of the Q2
, Q3 and Q4 condensation species for sol samples (Si1:Glyo and Si1 :Glyo.6o) with 

time. In Figure 2.3, the Sh :Glyo material shows a gradual increase in the higher 

condensation species Q3 and Q4
, with a corresponding decrease in the Q1 and Q2 

condensation products with time. The Q3 species appears to plateau at a level of 

approximately 40%, then decreases slightly, while Q4 species reach a level of 30%. The 

Q3 species in the Si1:Gly0_60 sol is far more abundant than in TEOS-based sols, with up to 

60% relative abundance, while the Q4 species is the least abundant, reaching only 1 0% 

relative abundance even after 60 min. 

The reason for the lack of Q1 species in the glycerol doped sols is not known, but 

may be related to higher pH present in these samples. Nonetheless, the data conclusively 

demonstrates that glycerol decreases the rate and extent of condensation (as evidenced by 

the lower Q4 signal) and may also undergo transesterification with SiOEt species, leading 

to the larger Q3 signal. This is beneficial because it allows for EtOH to be removed. This 

trend was also observed for the Si1:Gly4_16 sol sample (spectra not shown) where the 

relative amount of Q4 stays constant at a value on the order of 11% with time. It should 

be noted that 29Si NMR spectra of the Si1:Gly4.16 were ofpoor quality and were difficult 

to analyze quantitatively owing to both peak broadening (due to the increased viscosity of 

sol) and poor signal-to-noise ratio due to the low solubility ofCr(acac)3 in this sample. 

The possibility of transesterification of Si(OEt)4 by glycerol is supported by the 

work ofKinrade et al. Kinrade and co-workers have shown that the incorporation of 

28 


http:Si1:Gly4.16


0.6 

-----01 
rn 0.5 _......_ 02Q) 

·u 
Q) -+- 03 c. 

(/) - 04
0.4c 

.Q -.Cii 
rn 
c 
Q) 0.3"0 
c 
0 
0 
"0 
Q) 0.2.!:::! 
(ij 
E,_ 
0 z 0.1 

0.0 
0 10 20 30 40 50 60 70 

Time (min) 

Figure 2.3: Evolution of Condensation Species in Si1:Gly0 with time as a function of the 
total integrated peak intensities 
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Figure 2.4: Evolution of Condensation peaks in Si1:Gly0.60 with time as function of the 
total integrated peak intensities 
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sugar acids is possible and quite common in an aqueous environment. Polyol chains 

which contain terminal carboxylic groups, "polyol acids", have a higher affinity for a 

siloxane network than their neutral counterparts. These linkages produce hypervalent 

complexes; the resulting polyolatosilicate structures are relatively short-lived making 

them impossible to determine with certainty. The short-lived nature of polyol-silica 

linkages could be one reason why 29Si NMR peaks corresponding to glycerol-silicon 

18•20linkages were not observed in this study.17
' However, as noted below, such species 

are likely to exist, even in aqueous solution. 

2.3.1.2. Characterization ofSol Material using ESI-MS 

Mass spectrometry studies were done on both the TEOS-based sol material and 

glycerated sols (Si:Gly0, Si:Gly0.60 and Si:Gly4.16) to determine if any Si:Gly 

transesterification products were present. Both MALDI and electrospray mass 

37spectrometif1· were conducted; MALDI however, provided no conclusive data 

regarding the incorporation of glycerol into the silica network. 

Various types of solvent systems and both positive and negative ESI modes were 

used in order to obtain information from sols. The most useful data were obtained from 

the negative ESI mode. During the characterization of the quasimolecular ion peaks, one 

peak in particular was of interest, which was present in the spectra of Si1:Gly0.60 as 

showninpanelB andSi1:Gly4.16panelC ofFigure2.5, them/z 151 peak; this peak, 

however, was not visible in the TEOS-based sol material panel A. The quasimolecular 

ion is most prominent in the most highly doped glycerol silane Si:Gly4.16, followed by 
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Si:Gly0.60 . To determine the components which comprise this quasimolecular ion, CID 

(collision induced) MS/MS was performed. In the Si:Gly4.16 glycerol-doped precursor, 

the m/z 151 peak underwent CID and only two daughter peaks were generated at m/z 60 

(base peak) and m/z 91. The quasimolecular ion at m/z 91 is generated from 

deprotonated glycerol [CH20HCHOCH20Hr and the quasimolecular basepeak at m/z 60 

is [Sio2r as shown in Figure 2.5 (panel D). This data is consistent with the presence of 

transesterified Si-Gly species within the sol sample. Given that the slightly basic pH 

would increase the rate of condensation and the presence of ACN would affect the 

substitution of glycerol into the silica matrix, the sol samples were run under acidic 

conditions. The sol sample of Sh:Gly0.60 was injected neat into the ESI-MS and the m/z 

151 peak was still observed. Also, due to the viscous nature ofthe Si1:Gly4.16, the sample 

was run dissolved in a slightly acidic environment. An acidic environment, however, is 

known to suppress negative ions generated in ESI-MS. Even so, the m/z 151 peak was 

still present though at a lower level than in basic media. However, it is possible that the 

mlz 151 peak could have been generated in the gas phase during volatilization of the 

sample, and thus may not be representative of solution-based species. Neither NMR, nor 

MS can conclusively determine the incorporation of glycerol into the oligomeric silicas; 

for this reason, samples were further characterized by FT-IR. 

2.3.1.3. Characterization ofthe Sol Material using IR Spectroscopy 

Major difficulties arose in the discrimination of the Si-0-Si and Si-0-C 

asymmetric stretches because the peaks attributed to these two stretches are in close 
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Figure 2.5: Panel A- ESI-MS spectra of Si 1:Gly0 sol sample 
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Figure 2.5: Panel C- ESI-MS spectra ofSi1:Gly4.16 sol sample 
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Figure 2.5: Panel D- CID MS/MS ofrn/z 151 peak in Si1:Gly4.16 sol sample 
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[ 

Figure 2.5: Mass Spectra of sol samples Si1:Glyo (panel A), Si1:Gly0.60 (panel B) and 
Si1:Gly4_16 (panel C) followed by CID MS/MS ofrn/z 151 in Si1 :Gly4.I 6 (panel D) 
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24proximity and often times their assignments overlap?3
• Furthermore, the exact 

microstructures of the vibrations in the range 1000-1300 cm-1 interval were difficult to 

assign. Table 2.2 provides a list of the solvents used during the hydrolysis and 

condensation of the sol-gel material, along with the generic classification of the sol 

material peaks. 

Innocenzi used IR spectroscopy to characterize sol-gel derived silica-based film 

microstructural evolution and showed that certain peak assignments between ethanol and 

TEOS were indistinguishable and that both had to be taken into account when 

characterizing the prepared materia1.22 The sol-gel materials prepared using our two­

step method also had residual EtOH which was still present in the sol and gel material; 

therefore, care must be taken when assigning peaks to see whether there are overlapping 

peaks which could be attributed to ethanol. 

Table 2.2 shows the characteristic peaks associated with the respective sol 

materials. These peaks are also present in the aged sol material through the relative 

intensities vary with time. The TEOS (Si1:Gly0) and glycerated (Si1:Gly0.60 and 

Si1:Gly4.16) sols have similar peaks associated; however, the relative intensities of the 

peaks vary with the type of sol material generated and the length of time. Representative 

IR spectra of the sol materials are shown below in Figure 2.6. 

As shown in Figure 2.6 the respective peaks of interest are the ~1 090cm-1
, 

950 cm-1 and 880 cm-1 peaks, corresponding to the Vas Si-0-Si stretch, the v Si-Oct (Si-OH 

and Si-0-) and Vs Si-0-Si stretching vibration, respectively. The Vas Si-0-Si is in close 
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Table 2.2: Characterization Using IR Spectroscopy of Sol Material and Solvents Present 

EtOH Assign Glycerol Assign Si:Gly0 Assign. Si:Glyo.6o Assign SiGly4.16 Assign. 

3323 vOH 3298 vOH 3325 vOH 3321 vOH 3321 vOH 

2973 VaCH3 2933 VaCHz 2975 vCH 2975 vCH 2934 vCH 

1087 Va(C-C + C-0) 2879 VsCH3 1084 VaSiOSi 
VaSiOC 

1081 VaSiOSi 1417 
VaSiOC 

CH2 bend 

1046 8COH 8CCH3 
& vC-0 Ill 

alcohol 

1414 CH2 bend 1045 8COH 8CCH3 
& vC-0 Ill 

alcohol 

1044 8COH 8CCH3 1090 
& vC-0 Ill 

alcohol 

VaSiOSi 
VaSiOC 

880 Vs (C-C + C­
0) 

1032 C-0 
stretch Ill 

alcohol 

952 vSi-Oct 959 vSi-Oct 1040 liCOH liCCH3 
& C-0 stretch in 
alcohol 

879 VsSiOSi 879 VsSiOSi 973 vSi-Oa 

-­

879 
-­ -­L__ ____ 

VsSiOSi 
- --­

lrl 
("'r) 



proximity tot he vas S i-0-C stretch ~1085 em-' and we have no way of distinguishing 

between these two stretching vibrations from the peak centered at 1045 cm-1
, which is 

comprised of overlapping peaks. 24
'
25 Figure 2.7 describes the evolution of the sol 

material with time. The particular peaks of interest include the Si-Oct (either Si-OH or 

Si-0-) and the Si-0-Si/Si-0-C peaks. 

Three features merit special attention: 1) with time the ratio of Si-0-X I Si-Oct 

increased, except for the Sh :Gly0_60 which solidified after 24 hrs, 2) the glycerated sol 

(Si1:Gly0.60 and Si1:Gly4_16) samples have higher ratios (Si-0-X/Si-Oct), and 

correspondingly, 3) the sol material with the highest glycerol level of doping, Si1:Gly4.16, 

had the highest aforementioned ratio. The higher ratio signifies a decrease in the amount 

of free silanol groups (either Si-OH or Si-0-) and an increase in Si-0-Si and/or Si-0-C 

bonds with time. Based on the 29Si solution NMR studies of the glycerol doped sol 

material, which showed no increase Q4 and very little increase in Q3 species with time, 

therefore the presence of more Si-0-X in the highest doped glycerol sol must signify 

Si-0-C, showing that transesterification occurs. 
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Figure 2.6 : FT-IR spectra showing the peaks of interest in the characterization sol-gel 
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2.3.1.5. Summary ofthe Sol Material 

29Si solution NMR data from the sol samples reveal that the glycerol doping 

increased the extent of the transesterification process, as shown in Figures 2.1 and 2.2. 

Mass spectrometry analysis of the sol material using negative ESI clearly showed the 

incorporation of glycerol by the presence of the m/z 151 peak. On performing CID, one 

of the daughter peaks generated is the m/z 91, which is attributed to a deprotonated 

glycerol species, and the other was m/z 60. Therefore, negative mode ESI-MS illustrated 

the incorporation of glycerol by the transesterification process. 

Glycerol is a triple alcohol which is capable of interfering in the sol-gel reaction. 

The presence of glycerol also allows for transesterification reactions to take place, which 

incorporates the addition of glycerol into the silsequioxane network. In ESI-MS, the 

products are tested within three hours of formation. This technique allows for the 

transient species to be detected unlike NMR in which the (Si-0-Gly)n species were not 

observed. 17
'
18 FT-IR data of the sol material also showed an increase in the Si-0-X I Si­

Oct ratio for the glycerol loaded sols. 29Si solution NMR clearly shows that the Si-0-Si 

does not increase with higher glycerol doping as illustrated in Figures 2.3 and 2.4. 

Therefore, the increase of Si-0-X is from Si-0-C, once again suggesting that the extent 

of the transesterification process increased with glycerol doping. 

These findings are consistent with those of the Feldman group, who used 

dielectric spectroscopy to analyze the internal structures of non-crystalline solids, such as 

sol-gel derived glassy matrices, with glycerol encaged therein and their mutual 

interaction.38 This group group found that glycerol added to the sol-gel derived glass 
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during preparation was adsorbed and partia111y chemically bound to the ends of the 

polymer-like siloxane chains, even in aqueous solution.38 

2.3.2. Characterization ofthe Gelled Material 

2.3.2.1. Gelation ofSol Material 

Gelation is the process which results as the sol forms a 3-D network that does not 

show flow behaviour. The sol-to-gel conversion is a gradual process, which is easily 

observed qualitatively, but difficult to measure quantitatively. The tgel is not an intrinsic 

property of the sol.31 Previous work done by our group and others has demonstrated that 

gelation is influenced by the size of the container, the solution pH, the nature of the salt, 

ionic strength, the anion and solvent, the type of initial alkoxy group, and the amount of 

39 40water. 6
• • In this work, the process involving the loss movement upon shaking the 

cuvette was used to determine tgel· Figure 2.8 illustrates how the gelation times are 

affected with the addition of glycerol dopant to the silica material. 

This figure shows that the gelation time is essentially constant up to a Si1:Gly080 

ratio (i.e. close to a 1:1 molar ratio of Si:Gly), after which the gelation times increased 

linearly with increasing glycerol dopant levels. The length of time for the silane to gel, 

without the addition ofbuffer, was also examined. The sample Si1:Glyo_60 was the first to 

gel, within 7 hours on the day it was prepared, the Si~:Gly0 took 24 hours to gel, and the 

Si1:Gly4_16 took the longest to solidify, approximately 75 hours. The increased time of 

gelation for the highest doped sol material, in the absence of buffer, is consistent with 

glycerol doping slowing down the rate of condensation and this promoting 
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transesterification. The Si1:Glyo.60 sol material gelled faster than the Si1:Gly0 because of 

the slight increase in the pH, which resulted from increased levels of the glycerol dopant. 

2.3.2.2. Fluorescence Studies ofSol-gel Material 

The fluorescent probe used for characterizing the solvent environment in the sol­

gel derived materials was pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium 

salt). This probe enabled us to quantify the amount of ethanol present in the pore liquid 

by examining the ratio of the emission peaks at 515 nm, which is indicative ofwater, and 

438 nm, which is indicative of ethanol.41 The fluorescence studies (done with pyranine) 

reveal that there is a 10% decrease in the v/v EtOH that remains in glycerated silane after 

gelation for the Sh:Gly4.16, as compared to a 35% v/v EtOH in TEOS-based glasses.42 

For Si1:Gly0.60 there was only a 1% decrease v/v EtOH when compared to TEOS. 

2.3.2.3. Characterization ofthe Gelled Material Using Solid State NMR 

The gelled material was characterized using 29Si and 13C MAS NMR. The 

samples analyzed using 2 9Si solid state NMR had been aged for a month. Figure 2.10 

shows the 29Si MAS with the direct excitation of the gelled material. The peaks shown 

were deconvoluted and integrated. Using direct 29Si excitation it was possible to quantify 

and compare the relative intensities of species between samples. The chemical shifts 

obtained for direct excitation of 29Si MAS were similar to literature values, and the Q2
, 

Q3 43 
, Q4 were similar to those observed in solution.31

' As shown in Figure 2.10 below, 

Q2
, Q3

, and Q4 silicon sites predominate, with the majority being in the Q3 and Q4 silicon 

sites. There is a decrease in the Q2 species for all the gelled materials with progressive 
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Figure 2.8: Gelation Times versus Sol Material at pH 7.0 
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shift increase in Q3 and Q4 species. However, the 29Si solid spectra look relatively 

similar with Q4 being the most abundant followed by Q3 condensation species, as shown 

in Figure 2.1 0. 

Figure 2.11 below shows the relative abundance of the condensation species 

present calculated from the integration of 29Si NMR resonances in the glycerol-doped and 

undoped (TEOS) sol-gel material. The Q4 species is most abundant in the Si1:Gly0 gel 

sample followed by Si1:Glyo.6o and finally the Si1:Gly4.16 sol-gel. This data is in 

agreement with previous 29Si solution NMR, and IR sol spectroscopy data which showed 

that glycerol did not promote condensation. This trend is also observed for the gelled 

materials in which the Q4, Q3 and Q2 condensation species are most prominent in the 

Sh :Glyo followed by the glycerol doped Si1 :Glyo.6o and Si1:Gly4.16 samples, respectively. 

For the solid state 13C NMR spectra of samples, which were aged for at least a 

month, there are obvious differences in the spectra of the TEOS-based gel materials and 

those of the glycerated silanes. The Si1:Gly0 gel shows peaks at 15.88 ppm and 

58.05 ppm corresponding to CH3 and CH2 groups present in TEOS with the EtOH 

byproduct. This result proves that either there is still some partially unhydrolyzed species 

present in the gel or that there is a significant amount of ethanol either free or adsorbed 

within the gel material, as shown in panel A of Figure 2.12. On the other hand, the 13C 

NMR spectra of the glycerated silanes, Si1:Gly0.60 and Si1:Gly4.16, display the 62.43 ppm 

and the 72.88 ppm peaks as shown in Figure 2.12 (panel B). These peaks are assigned to 

the CH2 group and the -COH groups, respectively. The glycerated gels show no CH3 

groups and none of the CH2 groups from ethoxy show up either, had they done so they 
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would be easily distinguished by the different peaks shifts; this data suggests that there 

are no u nhydrolyzed e thoxy species present and that the 1 evel o f E tOH present within 

these gel materials is so small that it is not detectable or ethanol may be invisible to CP 

due to mobility of the sol. These results are in agreement with decreased initial level of 

EtOH observed from pyranine studies, and indicate that such materials are likely to be 

good for protein entrapment. 

A 

B 

Figure 2.12: 13 C CP-MAS NMR spectra of the Gelled TEOS-based and Glycerated 
Material 

2.3.2.4. Characterization ofthe Gel Material using IR Spectroscopy 

In the section above, the sol material was characterized using Infrared 

Spectroscopy. After gelation of the sol material a gel is formed. By examining the 

spectra at the various stages of aging predominantly day 1 and 22, the peak at ~1640cm.J 

shows the presence ofwater within the sol-gel. The presence oft he 8 HOH stretch in 

glycerol-loaded samples at day 22 (not shown) illustrates that more water is retained 
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relative to TEOS and that glycerol may act as humectant. By day 167, no 8 HOH peak is 

present in Si1 :Glyo and glycerol-loaded gels (Si1 :Gly0.60 and Si1:Gly4.16). For samples 

aged 167 days, the v OH stretch was no longer present in TEOS samples indicating that 

all of the ethanol had evaporated. Glycerated sol-gel samples (Si1:Gly0.60 and Si1:Gly4.16) 

however, still had v OH present which was attributed to glycerol. 

2.3.2.5. Shrinkage ofthe Sol-gel Material 

Shrinkage of the gel structure occurs due to the large capillary forces exerted by 

the pore liquid. Shrinkage studies were performed by determining the volume of the sol­

gel on day 1 and following shrinkage in order to calculate the volume by which it had 

decreased. The changes in volume with aging time are shown in Figure 2.13. The TEOS­

based glasses experienced the greatest degree of shrinkage as compared to the glycerol­

doped glasses. Even in the early stages of drying the TEOS-based glasses showed a 

significant amount o fshrinkage. By day 1 02, the S i1:Gly0 glasses shrank to <10% of 

their original volume, while the Si1:Glyo.6o samples shrank to approximately 19% if their 

original volume. The Si1:Gly4.16 samples had shrunk the least and retained 44% of their 

original volume. Therefore, the presence of glycerol reduces the amount of shrinkage, as 

illustrated in Figure 2.13. 

This finding is also confirmed by Venkateswara Rao and colleages, who 

employed glycerol as a DCCA (drying control chemical additive) in the formation of 

aerogels. The glycerol was shown to actively control the evaporation rate of the solvent 

from the pores.44 Hench et. al. also reported the use of drying control chemical additives 
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in sol-gel chemistry. They observed that the use of DCCAs such as oxalic acid and 

formamide greatly altered the rates of hydrolysis and condensation reactions and thereby 

controlled the distribution of pore sizes and solid networks; this modification in tum 

increased the strength during aging, which caused an increase in the drying rate without 

promoting cracking.45 Since large pores tend to shrink more slowly, they are subjected to 

compressive stresses by the smaller pores. Conversely, the shrinkage of the smaller pores 

is inhibited by the 1 arger pores, since the former experience tensile stresses. T he 1 ow 

percent shrinkage is not unexpected since glycerol is non-volatile and therefore remains 

inside the matrix, occupying much of the pore volume. 

Glycerol may also coat the silicon surface allowing for reesterification to take 

place as shown in ESI-MS, lengthening the time for the matrix to stiffen and strengthen. 

Glycerol may also promote the retention ofwater. 31 This possibility is also in agreement 

with the 8 HOH stretch (of the gelled material) observed in IR studies, which is 

consistent with retention of internal H20. The presence ofH 20 ins ol-gel material is 

desirable since it allows for entrapped biomolecules to be preferentially hydrated and 

retain their native conformation (see Chapters 3 & 4). 

2.3.2.6. Optical Clarity 

Another characteristic which is of importance for the development of optical 

biosensors is the percent transmittance of the sol-gel materials. The optical clarity of the 

sol-gel samples was probed by measuring the percent transmittance at a wavelength of 

400 nm, where scattering of visible light would be most pronounced. As shown in 
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Figure 2.14, the addition of glycerol provides slight improvements in optical 

transmittance. The higher transmittances for glycerol-doped sol-gels are consistent with a 

smaller degree of light scattering, which has been shown to improve resolution and 

7linearity of the dynamic response for sol-gel-based sensors.46 
,4 Another interesting point 

which can be drawn from this study is that the glycerol was readily dispersed through the 

silica matrix, since if phase separation was apparent there would be an increase in 

scattering and a corresponding decrease in optical clarity. T he minor improvement in 

optical clarity of the glycerated silanes could be a result of a better match between the 

refractive index of glycerol and silica than the silica, water, ethanol sol-gel mixtures. 

2.3.2.7. Pore Size, Structure and Morphology ofGelled Material 

The BET surface area and BJH porosity data were extracted from the appropriate 

isotherms. Figure 2.15 shows the nitrogen adsorption-desorption isotherms of the 

Si1:Gly0, Si1:Gly0.60 and Si1:Gly4_16 samples. Pore morphology can be inferred through 

the curves of nitrogen sorption hysteresis. 29 Hystersis occurs when the desorption branch 

does not follow the adsorption branch but gives a distinct 1oop - the h ystersis 1oop. 27 

Following this, sol-gel materials are classified according to types of pore shapes which 

are determined from the adsorption isotherms and hystersis loops as described by IUP AC 

standards.30·31 

In Si1:Gly0 glasses, a type I or Langmuir isotherm is observed. Type I 

physisorption isotherms are usually exhibited by microporous solids having relatively 

small external surfaces, and a large volume of extremely small pores, as is the case with 

the TEOS-based materials. The small hystersis loop in the Si1:Glyo sample is generally 
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interpreted to mean that the pores are smooth and cylindrical. Acid-catalyzed gels 

formed from TEOS show slit-shaped micropores and have a fibrous or plate-like 

30'31structure. On the other hand Sh:Gly0_60 displays type IV isotherm with H2 hystersis. 

The hystersis loop is used to assign pore morphology, this type of H2 hystersis displayed 

in Si1:Glyo.6o is normally attributed to the existence of pore cavities larger in diameter 

than the openings (throats) leading into them (so called ink-bottle pores). Finally, the 

adsorption-desorption isotherm for Si1:Gly4.16 resembles that of particulate silica xerogel. 

For Si1:Gly4_ 16, with the highest level of glycerol doping, the isotherm is classified as type 

II with H4 hystersis, which is typical of mesoporous materials that show fewer yet larger 

pores. The lack of microporosity of Si1:Gly4.16 is further proven by the decrease in 

specific surface area and pore volume as shown in Table 2.3. 

Table 2.3: BET Parameters, Surface Area (SBET), Total Pore Volume (Vp) and Pore 
Diameter ~ for Gelled Materials 

Samples SBET (m2g­1 
) <l> (nm) Vp (cm 3g­1 

) 

Si1:Glyo 552.3 2.77 0.383 

Si1 :Glyo.6o 357.3 3.58 0.319 

Si1:Gly4.16 172.3 6.23 0.268 

This results from the dissolution of small particles (disappearance of small particles and 

removal of small pores) and the reprecipitation of silica onto larger particles, filling in the 
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crevices and necks between particles that have negative radii of curvature. Overall, this 

effect results in a decrease of overall pore volume due to filling in of micropores, and an 

increase in the proportion of meso pores as shown in Figure 2.16 below. 30 

Figure 2.16: Dissolution (of smaller pores) and Reprecipitation of silica into negative 
crevices (of larger pores) 

The corresponding pore size distributions (PSD)s calculated from the desorption 

isotherm using the Barett-Joyner-Halenda (BJH) alogorithm, assuming cylindrical pores, 

are presented in Figure 2.17. In Figure 2.17, the shift in the pore size distribution with 

increasing level of glycerol doping is illustrated. Therefore, using IUP AC-based 

classification standards, the TEOS-based glasses (Si 1:Gly0) are microporous in nature 

(pore diameter < 2 nm). The glycerol-doped samples, both Si1:Gly0.60 and Si1:Gly4.16, are 

classified as containing mesopores (2-50 nm pore diameter).30
'
31 In Figure 2.17, both the 

Si 1:Glyo and Si1:Glyo.Go sol-gel materials display narrower distributions in pore size while 
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Si1:Gly4,16 glass samples show a wider distribution, between a 27- 68 A diameter range, 

indicating variability in pore size with increased glycerol dopant present. 

Braunauer-Emmet-Teller (BET) analysis of the amount of N2 gas adsorbed at 

various partial pressures, p/p0 , (at least five points, 0.05 < p/p0 < 0.3, using nitrogen cross 

sectional are of 16.2A2
) was used to find the specific surface area, SBET, the total pore 

volume, Vp and the average pore diameter, <D as shown in Table 2.3. 

As indicated in Table 2.3, there is a successive increase in the average pore 

diameter, with a corresponding decrease in both total pore volume and surface area as 

levels of glycerol doping are increased. It must be noted that the pore sizes reported in 

Table 2.3, are those that are present after removal of entrapped water by incubation of 

samples at 120 oc followed by freeze-drying. 11 

Thermogravimetric analysis (TGA) was performed on the Si1:Gly0.60 and 

Si1:Gly4.16 samplaes prior to washing and after extensive washing. As a result of the 

silica network being very stable, the weight loss from the sol-gels arose mainly from 

ethyl alcohol, water and glycerol decomposition. TGA data shows that with extensive 

washing the glycerol is completely removed from S h:Gly0.60 ; however, fort he sample 

with the most extensive addition of glycerol, Sh:Gly4.16, residual glycerol still remained, 

which may have coated the surface and therefore decreased the surface area. 
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Figure 2.17: BJH Pore Size Distribution of the Sol-gel undoped (TEOS-based) and 
glycerol doped materials 
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Contrary to our findings with glycerol, Bright and coworkers noted that PEG­

doped materials show no substantial change in geometry and dimensions of the pores. 

They did observe, however, that there was an overall loss of pore volume and surface 

area due to the occupation of the otherwise free pore volume by the PEG polymer itself 

(this group did not wash out the PEG prior to analysis).48 Therefore, the greater pore 

size of the glycerol-doped material is likely due to glycerol retaining H20 and promoting 

coarsening, which leads to bigger, smoother pores, larger pore volume and lower SBET as 

observed here. This data is consistent with IR spectroscopy studies performed on the 

gelled material, which confirm the 8 HOH bend (attributed to bending motion of H20) 

present after 22 days of aging. 

Following the BET findings, monoliths were made to test whether some 

macroporsity existed in the Si1:Gly4.16 sol-gels, which could only be observed using SEM 

analysis, because N2 sorption is a limiting technique that cannot measure macroporosity 

(size limit is< 200 nm).3° Figure 2.18, illustrates that borderline mesopores/macropores 

exist in the Si1 :Gly4.16 gelled sample, relative to the non-porous morphology of Si1:Gly0. 

As can be seen, in part A, of Figure 2.18, the TEOS-based material (Si1:Gly0) had a flat 

surface with no distinctive features (no granular structure). Meanwhile the Si1:Gly4.16 

glycerated sol-gel in part B produced a granular image suggesting the presence of 

mesoporous/macroporous material. Therefore, by adding the glycerol dopant the 

morphology of the sol-gel material is altered in agreement with the findings of Wei et al. 

12,13,44,49 
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2.3.2.8. Cracking Studies ofGelled Material 

The final parameter determined in the characterization of the sol-gel materials 

was cracking. The stress that causes cracking is mainly attributed to the internal pressure 

gradient. As evaporation proceeds, vapor phase and liquid phase exist simultaneously in 

the pores of the silica gel. If the evaporation rate is relatively high and the gel loses its 

permeability, an internal pressure gradient will form inside the silica gel and cracking 

will commence as a result of the flaws at the gel surface in order to reduce this pressure 

gradient. The flaws at the surface lead to cracks created by way of inhomogeneous 

capillary forces. 39
'
5° Figure 2.19 illustrates the bright field images of thin-films of TEOS­

based sol-gels and glycerol-doped sol-gel materials. 

By looking at the above pictures it becomes clear that with increased glycerol 

doping there is a corresponding decrease in the degree of cracking of the thin-films. 

Glycerol-doped silanes of ratios Si1:Gly0.08 to Si1:Gly0.80 display extensive cracking while 

Si1:Gly1.47 silanes and above show less cracking. This effect is exhibited for thin film 

samples; for the sol-gel monoliths (be they blocks or discs) with increasing level of 

dopant, there is a corresponding decrease in the amount of cracking. The Venkateswara 

Rao group employed additive (glycerol) as a DCCA. This additive was chosen because it 

actively controls the evaporation rate of the solvent from the pores and therefore reduces 

cracking. 44 
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(A) Si 1:Glyo 

Figure 2.18: Morphology of the TEOS (panel A) and Glycerated Materials (panel B) 
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Si1:Glyo.6o sol-gel thin films 
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Figure 2.19: Bright-Field Images used for Cracking Studies of Sol-gel Thin Films Pre­
Hydration (left) and Post Hydration (right) 
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2.3.2.9. Summary ofthe Gelled Material 

The 29Si NMR experiments shows that with glycerol doping retards condensation 

as shown in Figure 2.11. The 13C NMR gelled samples show that in the Si1:Gly0 samples 

there was ethanol present; meanwhile the glycerol-doped gelled materials, Sh :Gly0.60 and 

Si1:Gly4.16, showed no peaks which were attributable ethanol; only two peaks were 

observed which are indicative of the presence of glycerol, as is shown in Figure 2.12B. 

Thermal Gravimetric Analysis (TGA) for both the Si1:Gly0.60 and Si1:Gly4.I6 samples 

showed that glycerol was present in the gelled materials. By classifying the gel material 

by means of pore size, volume, surface area and morphology, there is an obvious 

difference between the non-glycerated sample (Sh :Gly0) material and the glycerated gels 

(Si1 :Glyo.6o and Si1 :Gly4.I6). The glycerol-doped gels display larger pore sizes and a 

change in morphology of the pores with increased levels of glycerol. The traditional 

characteristics of sol-gels classification are: optical clarity, degree of shrinkage and 

cracking, all of which showed visible improvements in the glycerol-doped gels 

(Si1:Glyo.6o and Si1:Gly4.16) as compared to the TEOS-based (Si1:Gly0) monolith gels. 

2.4. Conclusion 

As shown in the above sections, all the methods used to characterize the sol-gel 

material have shown significant improvement in properties of the glycerol-doped 

materials relative to the TEOS-based glasses. Through the analysis of the sol and gel 

material, glycerol has been shown to rapidly transesterify with the silica and remove the 

ethanol present in the starting sol material. Glycerol then hydrolyzes at pH 7.0 to 

62 


http:Si1:Gly4.16
http:Si1:Glyo.6o
http:Si1:Gly4.I6
http:Si1:Gly0.60
http:Si1:Gly4.16


generate Si-OH groups which condense rapidly to form condensation products; the 

following is the most probable model for the incorporation of glycerol in the sol-gel: 

Si(OEt)4 +Glycerol+ H20 ~ Si-(0Gly)n(OH)4-n + nEtOH (1) 

Tailoring the porosity of silica-based materials through the use of dopants has 

emerged as an area of interest. These materials have numerous potential applications in 

nanotechnology and particular areas of technological interest including cataysis and 

separation science. Other promising applications including biocatalyst, biosensor, 

biodiagnostic, and combinatorial biocatalysis arenas exist. The problem of traditional­

based biosensors is their length of utility, stability and activity. Traditional biosensor 

entrapped biomolecules using TEOS suffer extensively from a loss of stability as a result 

8of the denaturing effects of ethanol.7
• The materials which are doped with glycerol, a 

known protein stabilizer, c om bat the e ffect o f e thano 1 and extend the 1 ongevi ty o f the 

enzyme under investigation. Indeed, results indicate that, at least for some proteins, the 

technique may extend the useful stability ofbiosensors as is explained in Chapter 3. 
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Chapter 3 

Enzyme Viability and Long-term Stability in Glycerol-doped and TEOS-based Sol­
gel Materials 

A glycerol-loaded, alkoxysilane-based sol was used for the entrapment of highly 

active biocatalysts into sol-gel-derived silica. Sonication of tetraethylorthosilicate 

(TEOS) in the presence of water and an acid catalyst at 41 ± 2 °C for one hour afforded a 

substantially hydrolyzed oligomeric silica product to which glycerol was slowly added 

over the course of one hour. Addition of buffered aqueous solutions containing the 

enzymes urease or glucose oxidase resulted in gelation to form a protein-doped 

nanocomposite silica material. Materials derived from the glycerol-loaded sol provided a 

major enhancement of enzyme activity as compared to TEOS-derived glasses for the 

entrapped biocatalysts with optimal activity being highly dependent on the molar ratio of 

glycerol to silane. Biocatalysts entrapped in glycerol-doped materials showed 

significantly smaller decreases in activity over a period of one month relative to enzyme 

entrapped in TEOS. These glycerol-loaded sol-gel materials appear to be well suited for 

the development of immobilized biocatalysts, biosensors and drug-screening platforms. 
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3.1. Introduction 

The sol-gel process IS a low temperature inorganic polymerization method that 

provides a very convenient route for the immobilization ofbiomolecules. Sol-gel-derived 

materials are ideal for the development of bioanalytical devices since they are highly 

porous, physically rigid, chemically inert, thermally stable, and show little or no leaching 

of the immobilized species. 1 Furthermore, the matrix often protects the entrapped 

biomolecule from biodegradation, denaturation, aggregation or precipitation, both during 

and after entrapment. 2'
3 

The majority of sol-gel-derived biocomposites reported to date have utilized 

alkoxysilane precursors such as TMOS (tetramethylorthosilicate) and TEOS 

(tetraethylorthosilicate). A major drawback of alkoxysilane-derived materials is that the 

production of the glass results in the generation of alcohol as a byproduct, which some 

reports suggest can be as high as 70% (v/v). The alcohol alters the aging of the silica 

material and, more importantly, can result in significant denaturation of entrapped 

proteins. 1 
'
2

'
3 These problems 1 imit the practical utility of such materials for analytical 

applications such as biosensing. In recent years, modified silica materials have emerged 

that contain polymer additives, such as PEG (polyethylene glycol) and PV A (polyvinyl 

alcohol), or polyelectrolytes, such as PEl (polyethyleneimines), which have been reported 

to improve protein activity; however, these additives do not alter the level of alcohol 

present in the matrix, and often compromise the optical properties and durability of the 

5 6resulting material, limiting their application in the development of optical biosensors.4
' ' 
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Recently, Gill and Ballesteros reported on the development of a new class of sol-gel 

precursors based on polyglycerated silanes (PGS). Their study demonstrated that PGS 

precursors produced biomaterials that showed superior bioactivity for a wide range of 

entrapped proteins.7 However, the synthesis of the PGS precursor was a multi-step 

process involving several rotory evaporation and refluxing steps, resulting in poor 

reproducibility and a lack of scalability for industrial applications. 

InC hapter 2, the physical and chemical properties of glycerol-doped sol-gels were 

examined, and it was found that such glasses should be well suited to the entrapment of 

proteins. In this chapter, the activity of enzymes entrapped in glycerol-doped silica 

materials is described. Glycerol was chosen primarily due to its well-known stabilizing 

effects on proteins. This additive also has a relatively small effect on protein structure. 

9 10 11Furthermore, it affects the enzyme pKa functional groups minimally.8
• • ' The process 

involved the incorporation of glycerol into partially hydrolyzed TEOS, followed by 

addition of an enzyme-loaded aqueous buffer solution to the sol in order to promote 

ge1at10n an t us entrap t e wcata ysts mto t e resu tmg s1 tcate matena s. ' ' e. d h h b' 1 . h 1 . ·1· . 1 12 13 14 Th 

glycerol:silane ratio in the starting material could be easily adjusted, to optimize the 

activity of entrapped biocatalysts and to provide Michaelis-Menten and catalytic 

constants for the entrapped enzymes that were close to those measured in aqueous 

solution. 

Two enzymes of importance for biosensor developments were utilized in this 

study: glucose oxidase (GOx) and urease. The most prevailing form of urease has a 

molecular weight of 480 000 Da and consists of two identical, non-covalently linked 
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enzymatic half units. Each of these half units contains three identical but non-active 

subunits; as a result, the enzyme is classified as hexameric. 15 The isoelectric point of 

urease is 4.8 making the enzyme negatively charged at neutral pH. 16 Urease was selected 

fore ntrapment within glycerol-doped sol-gels because it has been a relatively difficult 

18 19 20enzyme to entrap using traditional sol-gel processing methods. 17
• • • Glucose oxidase 

catalyses the oxidation of P-D-glucose to D-glucono-1,5-lactone along with the reduction 

of molecular oxygen to produce hydrogen peroxide. The initial product D-glucono-1,5­

lactone hydrolyses spontaneously to gluconic acid.21 
'
22 Glucose oxidase is a dimeric 

protein with 583 amino acid residues per subunit and a molecular weight of 

160 000 Da. 23 The enzyme consists of two identical polypeptide chain subunits (80 000 

Da) covalently linked by disulfide bonds. The isoelectric point (pi) of GOx is 4.2 making 

it negatively charged at neutral pH.24 GOx was chosen for the following reasons: 1) wide 

use for development of glucose sensors based on both electrochemical and optical 

platforms as reviewed by Gi11,25
'
26 2) relatively stable in TEOS-based glasses27 and 

therefore provides a useful test case to assess the effects of glycerol-doped glasses on 

catalytic performance and 3) convenient colorimetric assay. These two enzymes were 

also chosen since both have neutral a nalytes which a void electrostatic effects between 

analytes and the anionic silica matrix. 

Herein, we report on the activity of urease and glucose oxidase in glycerol-doped 

glasses ([Gly]:Si) and as a function of glycerol doping level and matrix aging. We show 

that optimal level of glycerol is needed to obtain maximum activity and that under 

optimum conditions these enzymes retain at least partial activity over a period of one 
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month, although kcat!K.M does change with time. The results are discussed in light of the 

properties of the glycerol-doped glasses as discussed in Chapter 2. 

3.2. Experimental Section: 

3.2. 0. Chemicals 

Tetraethylorthosilicate (TEOS, 99.999%) was obtained from Aldrich Chemical 

Company (Oakville, ON). Glycerol (99.999%), and urea (99.9999%) were ordered from 

Caledon Chemicals (Georgetown, ON). Urease (E.C.1.5.5.1, type N from Jack Beans, 

74, 000 units.g-1 solid), Glucose Oxidase (EC 1.1.3.4, type X-S from Aspergillus niger, 

250,000 units.g-1
), Horseradish Peroxidase (EC 1.11.1.7, type VI-A, 1310 units.mg-1 

solids), hydrogen peroxide (30 % w/v), phenol red (phenolsulfonphtalein), 2-2' azino­

bis (3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS), rhodamine 6G 

chloride (R 6G), P-D glucose (minimum 97%) and the Lowry Protein assay kit were 

purchased from Sigma-Aldrich Chemicals (Mississauga, ON). The Bradford Assay Kit II 

was purchased from BIO-RAD Laboratories Canada (Mississauga, ON). Water was 

purified by reverse osmosis and deionized using a 4-stage Milli-Q water purification 

system. All other chemicals and solvents used were of the highest available grade and 

were used without further purification. 

3.2.1. Preparation ofGlycerol-loaded Sol-gels: 

The preparation of silane precursor resulted in a final total volume of three milliliters. 

The total volume was comprised of 2.25 mL of TEOS (99 .999% ), 0.7 mL of H20 ( d.d) 
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and 0.05 mL of 0.1 N HCL The contents of this mixture were sonicated for 

approximately one hour. After a clear phase was obtained various glycerol:Si mole 

ratios, ranging from 0.08:1 to 4.16:1, were used to make up the glycerol-loaded sol-gels. 

Glycerol was added at 41 oc over an hour with continual stirring. Upon complete 

addition of glycerol, the sol material was ready for use in biomolecule encapsulation. 

3.2.2. Determination ofEnzyme Concentration: 

Glucose oxidase concentration was determined using the ci~~=220 800 M-1cm-1
•
28 

For the solution assay, 53 fmol of glucose oxidase was used in a final volume of 0.400 

mL. Assays of entrapped glucose oxidase used 70 fmol of enzyme in 0.070 mL sol-gel. 

Prior to performing a Lowry assay on urease the amount of urease weighted out for 

solution studies was 0.3 mg, which was dissolved in 10 mL ofbuffer, to obtain a starting 

concentration of 0.03 mg/mL; for entrapped samples 20 mg was dissolved in 5 mL of 

buffer to give a starting concentration of 4 mg/mL. In order to accurately determine the 

amount of urease present in solution a Lowry assay was performed according to the 

manufacturer's instruction. After constructing a calibration plot of [BSA] ~g/mL versus 

absorbance, the slope was used to determine the actual concentration of urease in ~g/mL 

30 31prior to entrapment and solution activity studies.29
• • 
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3.2.3. Viscosity Studies: 

Rhodamine 6G was used to determine the viscosity of solutions containing 

varying 1 evels of glycerol. The concentration of R 6G utilized was 2 ~-tM for a 2 mL 

volume sample. Viscosity was calculated according to the Perrin equation: 

¢RT
1J =...:...__­ (1)v 

where 17 is viscosity, Tis the temperature (inK), R is the gas constant= 8.3145 J/ K mol 

and V (expressed in m3/mol) is the volume of the probe. The probe volume was 

calculated from the following equation: 

(2) 

where r = 5.6 ± 0.1 A.32 The solution viscosities were plotted in cP (mPa·s) versus the 

percent volume of glycerol dopant. 

3.2.4. 96-well Plate Assays: 

3.2.4.1. Solution Assay Activity Studies of Urease and Glucose Oxidase: 

All GOx assays were performed in 96-well plates using the TECAN Safire 

absorbance/fluorescence platereader operated in absorbance mode. All urease assays 

were performed in 96-well plates using the Spectra Max absorbance mode. Solution 

assays of urease were performed by mixing 100 ~-tL of a 0.03 mg/mL solution of the 
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enzyme in 10 mM HEPES, pH 7.4, with 100 1-1L of phenol red (30 1-1g/mL) and 100 1-1L of 

the substrate urea (ranging from 0-400 mM) dissolved in 10 mM HEPES buffer (either 

non-glycerated or glycerated) to a final volume of 300 1-1L. The pH of the urease buffer 

used was 7.4 because the enzyme activity is known to be dependent upon the pH. 18
•
33 

The absorbance change at 560 nm was then monitored for the next hour in solution using 

the phenol red indicator. At this wavelength the amount of scattering, as monitored using 

the 560 nm peak was low in comparison to 400 nm. 

Solution assays of GOx activity (1 00 mM phosphate buffer, pH 7 .5) were performed 

by mixing 134 1-1L of a solution containing varying concentration of ~-D Glucose, with 

133 1-1L of 60.2 mM ABTS/ 1.0!-lg/mL HRP followed by addition of 133 1-1L of 0.4 nM 

GOx. All solutions were present in 100mM phosphate buffer, pH 7.5. The colorimetric 

response of the probe ABTS (2,2' -Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt) was monitored at 415 nm for GOx activity studies. Prior to adding 

either enzyme (urease or GOx) the microtitreplate was stirred for approximately 

5 minutes. 

3.2.4.2. Urease Activity Sol-gel Discs: 

For the 96-well plate sol-gel discs: a volume of 20 1-1L of the glycerol-doped 

silane or TEOS sol was added to a volume equivalent of buffer (blank) or enzyme 

solution (sample- 4 mg/mL prior to dilution). The contents of each microtiter well were 

mixed thoroughly and a volume total 40 1-1L of sol-gel was obtained. For these enzymatic 

assays three different types of precursors were employed: Si1:Gly0, Si1:Glyo.6o and 
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Si1:Gly4.16• Upon gelation, the microtiterplate was covered with Parafilm ™ and a hole 

was punched through the Parafilm ™ on top of each well to allow slow drying of the gel 

to occur. The plates were dry aged and stored at 4 °C until tested. For the urease sol-gel 

microtitreplate assays, 100 IlL of the substrate (0 - 400 mM urea) and a 100 IlL of 

20.0 1-lg/mL phenol red indicator were added to the sol-gels. The indicator (phenol red) 

was added and allowed to equilibrate for (15 - 300 min - longer period of time required 

for aged gels) and subsequently the substrate was added and the activity of the reaction 

was monitored using the plate reader. The plates were scanned after one minute intervals 

and were shaken in between scans. 

3.2.4.3. Glucose Oxidase Activity Sol-gel Discs: 

A concentration 400 nM of G Ox was dissolved in phosphate buffer ( 100 m M, 

pH 7.5). In addition to the GOx, a 100 1-lg/mL, concentration of HRP was co-entrapped 

with GOx, due to the hi-enzymatic nature of this reaction. Equal volumes of the 

precursor (35 IlL - either TEOS or glycerated silanes) and buffered solution of the 

enzyme (17.5 IlL of GOx and 17.5 IlL of HRP) were mixed in a microtiter well (total 

volume of 70 IlL) and allowed to gel. Upon gelation, the microtiterplate was covered 

with Parafilm TM and a hole was punched through the Parafilm TM on top of each well to 

allow slow drying of the gel to occur. The plates were dry aged and were stored at 4 °C 

until tested. Assays of GOx prepared with 100 IlL ABTS ( 40 mM) and 100 IlL of 

varying of concentrations of P-D Glucose (0-300 mM), were used. Colorimetric response 

of the probe ABTS at 415 nm was used to monitor GOx activity. 
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3.2.5. Enzyme Leaching Studies: 

In order to determine whether or not the enzymes had leached out of the sol-gel 

material, extensive washing (at least 5 times with buffer) of the sol-gel was carried out. 

Following this, an activity assay was performed on the rinsings to confirm whether or not 

the enzyme had leached. 

3.2.6. Activity Determination ofEntrapped Enzyme: 

In order to interpret first-order kinetics for a single-substrate enzyme-catalyzed 

reaction, in which there is one substrate-binding site per enzyme, the Michaelis-Menten 

Mechanism was used. 34 

The Michealis-Menten equation can be written in its conventional form: 34 

(3) 

where Vmax = kcat [E] 0 ( Vmax is the maximal velocity). Experimental data illustrates 

that, v, the initial velocity is directly proportional to the concentration of enzyme [E]0 

(the total enzyme concentration). However, v, follows 'saturation kinetics' with regards 

to the concentration of the substrate [S]. The plot of v against [S] is non-linear and thus 

is note ntirely satisfactory fort he determination 0 f vmax and K M (the substate binding 

constant). This problem was overcome by using a double reciprocal or Lineweaver-Burk 

plot: 41,34,35,36 
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1 1 KM 
-=--+-~- (4) 
v Vmax Vmax [S] 

This equation follows the form y = mx + b where y is ljv and xis 1/[S]. For this reason, 

the Lineweaver-Burk plot of ljv against 1/[S] is linear with a slope of KM /Vmax . 

Plotting ljv against 1/[S] gives an intercept of 1/Vmax on they-axis when 1/[S] equals 

28zero, and an x-intercept of = -1/K M on the x-axis.23
- Therefore, the inverse of the y-

intercept gives you the vmax expression. Following this, the K M value is obtained by 

multiplying vmax with the slope. 

In order to determine the activity of urease and GOx initially the ~Abs/~t of the 

substrate saturated system was divided by ~Abs/~Cone term to obtain the ~Cone/~t 

value. For GOx the absorbance change of ABTS at 415 nm was monitored for an hour 

for solution assays and two hours for sol-gel-based assays and was converted to a rate of 

substrate turnover, ~Abs/~Conc, using Emax = 36 000 M-1. cm-1
. For urease assays a 

calibration plot of the varying product concentrations (ammonium carbonate), using a 

constant concentration of indicator (phenol red) was constructed. The linear slope of the 

absorbance change of the phenol red indicator versus concentration of product gave 

~Abs/~Conc term. The ~Conc/~t term (expressed in moles/Lis) was finally converted to 

~moles/~t term by multiplying by the total volume used. Separately, the moles of urease 

were determined by converting the mg/mL value into g of solid and then dividing by the 

molar mass of urease. For GOx the moles were determined by dividing the [GOx] by the 

total volume. The kcat term for both enzymes (expressed in s-1
) was obtained by dividing 
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L:lmoles/L:lt term by the number of moles. The catalytic efficiency term was obtained by 

dividing kcatand KM. 

3.2. 7. Optimization ofSol-gel Material used in Enzyme Entrapment: 

3.2.7.1. Urease 

To find the optimal level of Sh :Glyz doping for urease, crushed glass assays on day 

30 sol-gel monolithic blocks were performed. After the monoliths were crushed, 

approximately 0.02999 g to 0.03100 g ofthe contents was transferred to cuvettes and 

spectrophotometric assays, using phenol red as described above in the assays section 

were carried out. The only difference is the volume added of substrate and indicator 

which was 1 mL of each as opposed to 100 1-1L. The optimization assays were conducted 

in methacrylate cuvettes using the Cary 400 UV-VIS. 

3.2.7.2. Glucose Oxidase 

GOx was also optimized using varying levels of Sh :Glyz doped materials, instead of 

running time consuming crushed glass assays, the optimal glycerol doping level was 

determined using a titremetric plate (where each column corresponds to varying glycerol 

doped precursor). The sol-gel discs were aged for 5 days as opposed to 30 days for the 

urease crushed glass assays. A shorter length of time was used due to the decreased 

volume of the sol-gel discs and the more rapid aging of the sol-gel discs. 
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3.3. Results and Discussion: 

3.3.1. Enzyme Activity Reactions: 

3.3.1.0. Urease 

Urease catalyzes the hydrolysis of urea to ammonia and carbon dioxide via the 

intermediate formation of carbamate: 

IJllo NH3 + H2NCOOH (5) 

IJllo 2NH3 + COz (6) 

Carbamate is unstable and spontaneously decomposes to yield a second molecule of 

ammonia and carbonic acid. In aqueous solution ammonia and carbon dioxide generates a 

38'39net increase in pH?7
'

The urease assay used phenol red, monitored at a fixed wavelength of 560 nm. 

Upon the generation of ammonium carbonate as the by-product of the enzyme catalysis, 

there is an increase in pH which was monitored by the phenol red indicator, which 

underwent a colour change. 

3.3.1.1. Glucose Oxidase 

The chromogen used in the colorimetric assay for the determination of ~-D 

glucose was 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate)- ABTS.40 This assay is 

a coupled enzyme reaction, where the enzyme glucose oxidase breaks down ~-D-glucose 

to form gluconic acid and hydrogen peroxide. In turn, horseradish peroxidase utilizes the 

hydrogen peroxide and the chromophore ABTS (reduced form) to produce the oxidized 
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form of ABTS as well as molecular hydrogen and oxygen, which are by-products of the 

reaction.41 

CHzOH COzH 

H-C-OHGlucose Oxidase~ IL 
I 

-0 HO-C-H +2H202
FAD I 


H-C-OH 

o + 2H20 I 


H OH 

2 H OH HO-C- H 

I 
CHzOH (7) 

ED e 

SNI-4~S e E9 Eil e e Eil 
s=crS~NH4 N~O:JSV:s s:crSO:J~ 

)=N-N==< ~ I peroxidase ~ "'- I )=N-N=< :;:,.,_ I + H +0 H 0 22 N N NEil N 2 2
I I I I 
C2Hs CzHs CzHl CzHl Radical Cation 

2 ABTS 2 ABTS•+ 

(8) 

The colour of the solution gradually becomes green; indicating ABTS-+ (oxidized 

product) formation followed by UV-VIS spectroscopy at a fixed wavelength of 415 nm. 

The reasons for selecting this assay over others included the following: (1) specificity for 

peroxidase, (2) stability with a well-defined visible absorption spectrum, and (3) inherent 

chemical stability and (4) is non-toxic.40 

3. 3. 2. Preliminary Activity Studies: 

Urease was entrapped within a sol-gel using the traditionally employed method 

(Si1:Gly0) and randomly chosen glycerol-loaded sol-gels (Si1:Glyz) in order to determine 

whether an enhancement in activity would be observed as a result of the glycerol 

additive. As Figure 3.1 illustrates, urease, within the glycerol doped sol-gel material 

+ 
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Si1:Glyo.6o, is highly active, requiring approximately ten minutes to reach saturation. 

Meanwhile, Si1:Gly0 has yet to experience any substantial rise. 

Following our initial confirmation that the glycerated sol-gels did in fact enhance 

the stability of entrapped urease, as illustrated in Figure 3.1, we proceeded to see if an 

optimal level of glycerol doping exists for urease and GOx. 

3.3.3. Leaching Studies 

Leaching studies were performed on the entrapped enzymes by extensively washing 

the sol-gel discs and/or the crushed monolithic glasses. Afterwards, activity assays were 

run on the rinsings in order to determine if the biomolecules had leached out. No 

detectable leaching of either enzyme from the sol-gel matrices was observed during the 

time course of the aging study. Therefore, all changes in activity are due to alterations in 

the catalytic efficiency of the entrapped enzyme. It is thought that the lack of leaching is 

a consequence o fb iomolecule-directed t emplating ofthe developing sol-gel matrix, or 

the development of extensive protein-silica interactions, or the simple embedding into the 

inorganic framework.7 

3.3.4. Optimization ofGlycerol Loaded Sol-gels: 

Subsequently, both urease and GOx were entrapped in varying levels of Si1:Glyz 

(where z is representative of the varying glycerol mole ratio with respect to TEOS), to 
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Figure 3.1: Urease Crushed Glass Activity Assay for TEOS and glycerol doped sol-gel 
after 30 days of aging using the colourimetric pH response of phenol red 
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determine if an optimal level of glycerol doping existed for the biomolecule under 

investigation. The urease-doped sol-gel monoliths were crushed because we wanted to 

ensure that the rate of diffusion was not limiting. If the dimensions of the matrix are 

large or if there are a large number of very small pores, the enzyme molecules buried 

inside the matrix encounter a substrate concentration significantly lower than that at the 

surface. If the substrate diffusion is sufficiently slow compared to enzymatic catalysis, 

the enzyme molecules close to the surface can consume most of the substrate molecules 

entering the matrix, effectively making the substrate concentration zero in the interior of 

the matrix.42
'
43 Figure 3.2 illustrates that an optimal level of Si1:Glyz exists for urease. 

The crushed urease glycerol-doped sol-gels retained 75 - 80% of their activity (optimal 

level of Si1:Glyo.6o) when compared to TEOS which is equal to 1% activity. 

Optimizations of glycerol-doped sol-gels on GOx were also performed, as shown in 

Figure 3.2. GOx being the more rigorous protein did not exhibit as great an enhancement 

in protein activity as urease experienced. However, this enzyme also experienced an 

optimal level of glycerol-doping of Si1:Gly0.80 as shown in Figure 3.3. 

3.3.5. Activity Assays of Urease and Glucose Oxidase: 

Both solution and sol-gel enzyme activity assays were done in 96-well titremetric 

plates. For solution with no glycerol added, the activity constants obtained for both 

urease and GOx are in agreement with literature values as illustrated in Tables 3.1 and 

3.2. For urease the catalytic efficiency value of our assay was~ 2-fold lower then the 
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Figure 3.2: Optimized Glycerol-Doped Sol-gels for Entrapped Urease relative initial 
activity normalized with respect to the activity of the TEOS-based material 
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Table 3.1: Urease Enzyme Activity Parameters determined from an average of five 
measurements 

KM (mM) kcat (S- 1 
) kcatiKM (M-1s ­ 1 

) 

Solution 
Literaturej 15 

No glycerol 

8.5% v/v glycerol 

30.1% v/v glycerol 

3.3 
6.3 
9.7 
11.8 

23 400 
23 700 
9011 

12 809 

7.2 X 10° 
3.8 X 10° 
780 746 
919 546 

Entrapped 

Day] 

Si1:Glyo 

Si1:Glyo.6o 

Si1:Gly4.16 

78.8 
26.5 
34.1 

154.8 
187 
805 

1964 
7060 

23575 

Day15 

Si1:Glyo 

Si1:Glyo.6o 

Si1:Gly4.16 

Inactive 
14.6 
33.6 

Inactive 
3.90 
51.6 

Inactive 
267 
1540 

Day29 

Si1:Glyo 

Si1 :Glyo.6o 

Si1:Gly416 

Inactive 
10.0 
74.5 

Inactive 
2.1 

27.1 

Inactive 
209 
363 
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Table 3.2: Glucose Oxidase Activity Assay Parameters obtained from an average of five 
measurements 

KM (mM) kcat (s-1 
) kca/KM (M1 

s­
1 
) 

Solution 
Literature44 

No glycerol 
26.0 
16.0 

293 
237 

11269 
13 500 

11% glycerol 37.1 341 9191 
30.1% glycerol 67.9 231 3460 

Entrapped 
Day] 
Sh:Glyo 

Si1 :Glyo.so 

Sh:Gly4.I6 

25.6 
45.4 
51.2 

226 
263 
216 

8820 
5750 
4230 

Day 7 

Si1:Glyo 

Si1 :Glyo.so 

Si1:Gly4.16 

49.3 
32.1 
35.9 

288 
247 
174 

5840 
7680 
4840 

Day15 

Si1:Glyo 

Si1:Glyo.so 

Si1 :Gly4.I6 

133.3 
29.6 
41.3 

54.4 
210 
151 

408 
7087 
4020 

Day30 

Si1:Glyo 

Si1 :Glyo.so 

Si1:Gly4.16 

inactive 
85.4 
44.5 

inactive 
172 
113 

inactive 
2015 
2540 
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literature value. 38 On the other hand, our GOx solution studies, those with no glycerol 

dopant added, showed a ca. 1.2 fold increase as compared to the literature. 44Therefore, 

the activity of GOx used in this study is consistent with literature reported value. 

Sol-gel enzyme activity studies were also done in 96-well titremetric plates because 

crushed glass assays were extremely time-consuming even though they provided more 

surface area for the interaction of the enzyme with the substrate. In all cases, the 

enzymatic reactions followed Michaelis-Menten kinetics, allowing for the extraction of 

kinetic data. The values obtained for our GOx entrapped in a sol-gel environment are in 

good agreement to those reported by Zink22
'
44 and Brighe7

•
45

. Bright and coworkers only 

mention K~ for their sandwich films, which they reported being 15 mM. Zink and 

coworkers entrapped GOx in TMOS-derived sol-gels and reported its activity using the 

turnover number kcat and binding constant K M . The activities of sol-gel entrapped GOx 

displays similar activity to solution (turnover number: kcat = 250 s-1
; substrate binding 

value: KM =50 mM; and a catalytic efficiency value: kcat I KM = 5000 M-1 s·1 for aged 

samples). Our GOx entrapped in TEOS-derived sol-gels, after 7 days of aging, are quite 

similar to those found by Zink for entrapped and solution samples ( kcat = 288 s-1
, K M = 

49.3 mM and kcat I KM = 5840 M-1 s-1
). Entrapped urease on the other hand, has 

substantially lower activity constants as compared to solution-based studies. For 

entrapped urease the literature available only discusses the relative activity, detection 

18 19limit, dynamic range and long-term stability. 17
' ' The lower activity could be explained 

by stating that the entrapped urease is kinetically limited by substrate transport. 
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As shown in Table 3.1 and 3.2 the entrapment into a sol-gel-derived glass reduced the 

kcat value of the enzymes, which can be related to a reduced rate of delivery of substrate 

to the enzyme. This result is expected based on the complicated path that must be taken 

to allow diffusion of small molecules through the porous network of silica, along with 

possible substrate silica interaction.46 For urease, the turnover number, kcat, decreased 

upon entrapment. 

The strength of substrate binding, as reflected by the K M values, was altered 

significantly upon entrapment as shown in Table 3.1 and 3.2 for both urease and GOx. 

Entrapped urease shows a substantial increase in the K M value. In general, the K M 

values of entrapped enzymes increased relative to solution, indicative of weaker binding 

of substrates to the enzyme. This result is expected owing to the reduction in the rate of 

transport of the substrates to the enzyme, and is consistent with the reduced kcat values. 

Since KM is defined as (k2 +k_1jk;) for the reaction E + s k 1' ES -~'~ E + p 
k - I 

restrictions in mass transport would not affect off-rates (k_1 and k2 ) but would be 

expected to lower the ko value (slower on-rate) which is a component of the k1' term 

(where k1' = + ko ), causing the value of KM to increase relative to the solution k1 

values, as was observed.47
'
48 

Overall, the combined effects of K M and kcat in each of the precursors used 

resulted in a decrease in efficiency of urease when entrapped, as shown in Table 3.1. 

Similarly, GOx experienced a decrease in the catalytic efficiency, as revealed in Table 
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3.2, but not to the extent exhibited by urease. For example, the day after entrapment, 

TEOS-derived sol-gels doped with GOx (KM = 25.6 mM, kcat = 226 s-1 
) showed a ~2-

fold lower efficiency than in solution (no glycerol). Meanwhile, the day after entrapment 

for the urease-doped TEOS sol-gels (KM = 78.8 mM and kcat = 1 55 s -1
) there was a 

~1900 fold decrease in catalytic efficiency when compared to solution (no glycerol 

present). The substantial decline in the catalytic efficiency of urease can also be due to 

the denaturing effect of EtOH. Urease is more sensitive to the denaturing effects of 

ethanol (a by-product generated by TEOS) than GOx and may already be substantially 

denatured prior to performing day 1 activity assays. The increase in kcat and kcat I K M 

terms for the glycerol-doped sol-gels, the day after entrapment, may be due to the 

decreased levels of % v/v EtOH in the sol-gels as illustrated in chapter 2. 

3.3.5. Viscosity Effects 

The changes in K M and kcat are predominantly due to slower diffusion, which 

results in mass transport limitations of the substrate within the microporous material, 

suggesting that increases in porosity may be one route to increase the catalytic efficiency 

of entrapped enzymes. The larger protein, urease, presumably is more restricted by the 

silica framework and/or experiences a higher trapped solvent viscosity for these 

materials. Studies done with a fluorescent probeR 6G in solution clearly show that with 

increased levels of glycerol there is a corresponding increase in viscosity, as illustrated 

below in Figure 3.4. 
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Figure 3.4: Calculated Viscosity measurements (expressed in cP) determined using the 
fluorescent probeR 6G (using the perrin equation) 
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M.M. Werber and B. Cavish studied the effects of viscosity on the rate of 

catalysis of carboxypeptidase A. It was shown that the K M value increased slightly as a 

fraction of the organic solvent increased (either methanol or glycerol) kcat on the other 

hand increased with increasing methanol concentration, but decreased with increasing 

1 1 . 49g ycero concentratiOn. 

Indeed, examination of enzyme kinetics in solutions containing glycerol (in which 

glycerol increases the viscosity and slows down diffusion) confirmed that kcat values 

were lowered and KM values increased in the presence of glycerol. For example, GOx in 

solution has a catalytic efficiency of kcat IKM = 13 500 M-1 s-1 (where kcat = 237, 

KM = 16.0 mM) however, with increasing % vlv glycerol doping there is a 

corresponding decrease in GOx catalytic efficiency. For example, 11.0 % vlv glycerol 

solution (kcat = 263 s-1
, KM = 16.0 mM and kcat IKM = 9191 M-1 s-1

) showed ~1.5 fold 

decrease in catalytic efficiency as compared to non-glycerated solution; likewise 30.1 % 

vlv glycerol solution (kcat = 231 s-1
, KM = 67.9 mM and kcatl KM = 9191 M-1 s"1

) 

displayed a 4-fold decrease in efficiency. For GOx, kcat value decreases correlate with 

increased viscosity (increased% vlv glycerol dopant) as shown in Figure 3.2. This trend 

was not observed for urease, even though there was a decrease in kcat and an increase in 

KM on going from non-glycerated to glycerated solutions. The level of% vlv glycerol 

added affected the KM value in the usual way, however, the enzyme did not display a 

47 50slower turnover number, kcat . ' 
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For urease these results confirm that the presence of glycerol in glycerol-loaded sol­

gel materials, coupled with the inherently slow diffusion of material through such 

matrices, likely contributed to the decrease in catalytic efficiency of the enzymes upon 

entrapment due to mass transport 1imitations, but at the s arne time provided improved 

stability, thereby resulting in an overall improvement in enzyme performance relative to 

TEOS-based glasses. 

Another potential factor which could influence the altered K M value is the 

partitioning oft he substrate between the solution and the silica matrix. S ilica is both 

anionic and polar therefore partitioning of charged analytes is likely to occur (increased 

partitioning for cations and exclusion of anions). Substrate-silica interactions 

(electrostatic interactions) did not occur for either urea or P-D glucose because both of 

these substrates used were neutral in charge therefore partitioning was not relevant. 

However, the GOx assay is a hi-enzymatic reaction as shown above in equations 7 and 8. 

In the second half of the reaction, the H20 2 generated by GOx and a negatively charged 

substrate, ABTS, interacts Horseradish Peroxidase (HRP) through a redox reaction to 

determine the activity of GOx indirectly. Therefore, the difference in the enzymatic rate 

constants between Si1:Gly0 and glycerol-doped sol-gels (Si1:Gly0.60 and Si1:Gly4. 16) may 

be due to the electrostatic interactions between ABTS and the negatively charged surface 

of the silica matrix. 40 ABTS may be excluded from the matrix; as a result, the K M value 

increased, so that more substrate is needed for the reaction to continue ( kcat and Vmax are 
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unaffected by partitioning). However, the partial charge screening likely plays a role in 

offsetting this effect, leading to KM values similar to the glycerol-doped sol-gels. 

3.3.6. Long-Term Stability Studies 

Having proved the general utility of glycerol-loaded silicate-derived bioencapsulates 

using initial activity values, we then examined their performance with respect to aging 

time. All samples (urease and GOx sol-gels) were dry aged at 4 °C until tested. One 

reason for the variability in the activity constants with aging is almost certainly due to the 

inter-sample variability that is present within all test systems to a certain degree. 

It was found that the biosensor response gradually decreased over the elapsed time as 

shown in Figures 3.5 and 3.6. The urease activity parameters clearly illustrate that 

enzyme stability and durability is extended through the use of glycerol as an additive. In 

all the days tested the TEOS-based material had a lower activity than glycerol-doped 

materials. In our studies TEOS-based materials displayed no activity by day 15. 

Meanwhile, Lee and coworkers show a urease electrode using an alkoxysilane precursor 

(TMOS), retaining its activity after 25 days of storage.18
'
19 However, there was visible 

difference in the preparation of the urease sol-gels by our two groups which would 

explain the extended shelf-life of their biosensor. Lee and coworkers stored their sol-gel 

in 5.0 mM imidazole-HCl buffer at 4 °C when it was not used, we on the other hand dry­

aged our samples at 4 °C. Also, when preparing the precursor for sol-gel preparation, we 

used it immediately after sonication, while they refrigerated their sol for a day (decrease 
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Figure 3.5: Relative Initial Activity of Urease with time data averaged over five samples 
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Figure 3.6: Relative Initial Activity of GOx with time data averaged over five samples 
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in % v/v EtOH) and entrapped urease the following day. 

Glucose Oxidase has been shown to be stable in TEOS-based materials and was used 

in this study to see whether glycerol-doping improved the activity of GOx. Results in 

Table 3.2 show that with increased time of aging glycerol did indeed impart stability to 

the entrapped GOx. For the activity of day 1, TEOS-entrapped GOx samples showed 

higher activity than their glycerol-doped counterparts; this trend, however, was reversed 

with the aging of the sol-gel material, as illustrated in Table 3.2 and Figure 3.4. By 

day 30 GOx entrapped in TEOS was no longer active, while the glycerated sol-gels still 

retained significant activity. The decrease in the TEOS-entrapped GOx is due to the 

denaturation of HRP which was co-immoblized. Partial loss in the HRP activity (up to 

~ 25%) has been reported when using the regular sol-gel encapsulation process. TEOS­

derived glasses generate alcohol as a byproduct of the hydrolysis and condensation 

reaction of the sol-gel process. Bright and coworkers report an activity for their TMOS 

sol-gel:GOx:sol-gel sandwich films of~ 2 months.27 This activity time is a month longer 

than our fininding for the TEOS-derived sol-discs. The response of the physisorbed 

GOx-based sandwich sol-gel thin films was recorded by immersing each film in a 

solution containing the dye, HRP and 10% ~-D Glucose, whereas HRP was co­

immobilized with GOx in our sol-gels. Therefore, one can safely conclude that glycerated 

silanes retained their activity, and that the presence of glycerol extends the shelf-life of 

the entrapped enzyme. 
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3.4. Conclusions and Future Outlook: 

These findings suggest that the enzymes are accessible to externally added 

reagents. It appears that variations in KM values between solution and entrapped 

enzymes are likely to be based on mass transport limitations ( K M) between the solution 

and glass (increasing K M ). Specific interactions of substrate with the silica matrix only 

affected the GOx activity assays due to the bi-enyzmatic nature of this assay. First, GOx 

catalyzes the oxidation of P-D glucose by dioxygen to give D-gluconic acid and H202. 

Peroxidase then catalyzes the reaction of the negatively charged dye precursor ABTS 

with H20 2 to produce coloured dyes. This reaction is a commonly employed method for 

quantitation of glucose in solution.27
,4

4 Mass transport also alters the KM values and it is 

clear that materials with greater porosity should be used to maximize diffusion rates. 

Overall, the long-term stability studies showed that all enzymes had improved 

activity in glycerol-doped materials relative to TEOS-derived materials. This conclusion 

is not surprising since TEOS-derived materials may contain up to 35% ethanol 

immediately after gelation,51 which is likely to promote denaturation of entrapped 

enzymes. On the other hand, glycerated sol-gels contain glycerol, a known stabilizer of 

proteins, which may cause the protein to adopt a more compact and rigid conformation 

due to preferential hydration, and thus decrease the specific volume of the protein. 52
'
53 

Glycerol may also act as a humectant, providing greater retention of entrapped water, and 

may coat the walls of the pores within the silica material thereby reducing direct contact 

of the protein with the sol-gel matrix. In conclusion, glycerol-doped materials are more 
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suitable precursors for sol-gel matrices than TEOS with respect to the encapsulation of 

enzymes. 

Biosensor devices where the biological recognition is carried out by enzymes, 

antibodies, or some other relatively unstable material can be deactivated by the 

surrounding environment and have a limited lifetime. Second generation materials that 

have surfaces modified to be either neutral or zwitterionic, and possess larger pores may 

also prove advantageous for biosensor development as these materials would eliminate 

both the mass transport and electrostatic partitioning effects. 
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Chapter 4 

Effects of Glycerol on the Behaviour of Human Serum Albumin in Solution and in 
Sol-Gel Derived Glasses 

The steady-state and time-resolved fluorescence of Trp-214 was used to examine the 

conformation, dynamics, accessibility, thermal stability, chemical stability and the degree 

of ligand binding of human serum albumin (HSA) in solution and after entrapment of the 

protein in tetraethylorthosilicate derived glasses doped with varying 1 evels of glycerol. 

Significant changes were observed in the thermal and chemical stability of the glycerol-

doped solution samples relative to those that were entrapped. Entrapped HSA showed 

full accessibility to the neutral quencher over a months time period at all glycerol levels. 

The ligand binding ability of salicylate to HSA was not affected by the presence of 

glycerol dopant which indicated that the conformation of HSA is not altered. The time-

resolved anisotropy of HSA in glycerol-doped sol-gels shows predominantly segmental 

and local motion ofHSA biomolecule. 
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4.1. Introduction 

In the past few years, several groups have reported on the development of 

analytical devices utilizing biological components that were encapsulated in an inorganic 

2 3 4silicate matrix formed by a low temperature sol-gel process. 1
' ' ' An important finding 

with regard to the implementation of these materials for sensor development was that the 

entrapped biomolecules within these sol-gel materials retained a substantial fraction of 

their initial activity. 5 These findings resulted in several studies which were directed 

towards understanding the structure and dynamics of entrapped proteins,6
'
7

'
8 the internal 

environment of sol-gel-derived matrices,9 and the overall basis for the enhancement in 

long-term protein stability.Z·3
•
10 In spite of the amount of work done, the structure and 

environment of entrapped proteins and the overall effect of additives on entrapped protein 

properties are still not well understood. 

The measurement of fluorescence emission from tryptophan residues within 

biomolecules can be utilized to monitor several parameters; including: protein function, 11 

13structure,12
• •

14 dynamics15
•
16 folding and unfolding phenomena17 and initial9

'
13 and long­

term stability9
'
13 of entrapped proteins. A standard method of examining protein stability 

in solution is to measure the changes in the fluorescence from intrinsic tryptophan 

13residues as a function oftemperature and chemical denaturant concentration.9
' Proteins 

which contain a single Trp residue are generally used for such studies since they allow 

for unambiguous investigation of the region being probed, provide a simple system for 

examining fluorescence lifetimes (which becomes extremely complicated if two or more 
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intrinsic fluorophores are present) and also provide a simpler system for probing 

rotational anisotropy or exposure of Trp to quenchers. Tryptophan fluorescence has also 

been used to examine the kinetics of reactions involving proteins 12
, which were either in 

solution or entrapped in a sol-gel-derived matrix and has recently been used to examine 

conformational motions and accessibility of entrapped proteins, 12
•
13 including HSA. 16 

Given the intimate relationship between the local microenvironment and the 

conformation and function of a protein, one might expect the inclusion of additives which 

change the internal polarity, morphology or charge to produce dramatic changes in the 

behaviour of an entrapped protein. 7 

In this chapter, steady-state and time resolved fluorescence ofTrp 214 are used to 

examine the conformation, ligand binding ability, dynamics, and accessibility of free and 

entrapped HSA as a function of glycerol doping. Human serum albumin (HSA) was 

chosen as the model protein because it is relatively large and complex (MW of 60 kDa 

with 3 major domains)18 but yet contains only a single Trp residue within the protein at 

position 214 in domain II, allowing for detailed fluorescence studies. 19 HSA was also 

. , b h . h b 11 h . d . 1 . 20 21 22 23 24 25 dh b ecause 1t s e avwur as een we c aractenze m so utwn, ' ' ' ' ' anc osen 

15 26because it allows comparisons with previous studies of entrapped HSA and BSA.14
' •

The two other biomolecules studied were chosen because they had no domains 

(component parts), and therefore no segmental motion would be observed for their time-

resolved anisotropies. Another reason was because both contain a single tryptophan 

amino acid which can be used to determine the degree of protein-silica interactions. 

RNASeT1 has a buried tryptophan and therefore we are more likely to seethe global 
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28 29motion of the entire biomolecule. 27
' ' ' On the other hand, Melittin is a polypeptide in 

which two types of motion could be observed (one was the segmental motion of the 

fluorophore with respect to polypeptide backbone and the other was the rotation of the 

fluorophore). Also both biomolecules30 were smaller in size and therefore the tumbling 

motions of the both RNASeTl and Melittin could be more easily observed.27
-
30 

The changes in these properties of entrapped HSA and preliminary studies on 

RNASeTl and Melittin were monitored as a function of aging time and level of dopant 

used in the sol-gel materials, and the results provide insights into the effects of glycerol 

on enzyme activity, as reported in Chapter 3. 

4.2. Experimental Section 

4.2.1. Chemicals 

Human serum albumin (HSA, essentially fatty acid free), salicylic acid and 

polymethacrylate fluorimeter cuvettes (transmittance curve C) were obtained from Sigma 

(St. Louis, MO). Tetraethylorthosilicate (TEOS, 99.999+%), potassium iodide ( 99.9%) 

and acrylamide (99+%) were supplied by Aldrich (Milwaukee, Wisconsin). Guanidine 

hydrochloride (GdHCl, Sequanol grade) was obtained from Pierce (Rockford, IL). 

Sephadex G-25 fine powder was supplied by Pharmacia Biotech (Uppsala, Sweden). All 

water was twice distilled and deionized to a specific resistance of at least 18 MQ.cm. All 

other chemicals were of analytical grade and were used without further purification. 
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4.2.2. Entrapment ofHSA: 

HSA was first purified as described elsewhere7 and diluted into phosphate 

buffered saline (10 mM phosphate buffer/ 100 mM KCl, pH 7.2) to a concentration of 2 

~-tM in solution and 20 ~-tM in sol-gels, as determined using the extinction coefficient 

E277 = 36 000 M-1cm-1 for HSA. 7 Melittin was diluted (10 mM PIPES/ 100 mM KCl 

buffer at pH 7.0) to 10 ~-tM concentration for preparation ofboth solution and sol-gel 

samples, as determined by the E280 = 5470.31 RNASeT1 was diluted (5 mM NaHP04/ 50 

mM KCl buffer at pH 7.5) to 5 ~-tM concentration for preparation of solution and sol-gel 

samples, as determined by absorbance measurements using E280 = 20 900.32 Sol-gels 

were prepared in the form ofblocks (1.5 em x 1 em x 1 em) by mixing 0.75 mL of the sol 

with 0.75 mL of the protein solution. Blocks were utilized in the current study to 

eliminate scattering artifacts and to allow studies of samples at very early aging times, 

and as the sol-gel block evolved. All samples were aged in air and stored in the dark at 4 

oc. 

4.2.3. Steady-State Fluorescence Measurements: 

Fluorescence measurements were performed using a SLM 8100 spectrofluorimeter 

(Spectronic Instruments, Rochester, NY), as described elsewhere.9 HSA emission spectra 

were excited wavelength of 295 nm with emission collected from 305 nm to 450 nm. All 

spectra were collected in 1 nm increments using 4 nm bandpasses on the excitation and 

emission monochromators and an integration time of 0.3 s per point. Appropriate blanks 
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were subtracted from each sample and the spectra were corrected for deviations m 

emission monochromator throughput and detector response. 

Steady-state fluorescence anisotropy measurements were performed in the L-format 

using Glan-Taylor prism polarizers in the excitation and emission paths, as described 

11 12 13previously.7
• • ' The emission maxima for both HSA and RNASeTl were 335 and 

325 nm, using an excitation at 295 nm. Steady-state anisotropy measurements for 

Melittin were made using the maximum emission wavelength of 345 nm and an 

excitation wavelength of 295 nm. Bandpasses of 4 nm were used in the excitation and 

emission paths, with the signal integrated for 3 s. All fluorescence anisotropy values 

were corrected for the instrumental G factor (IHv/IHH) to account for any polarization bias 

in the monochromators. All fluorescence anisotropy values reported were the average of 

5 measurements each on 3 different samples. Steady-state anisotropy measurements were 

converted to average rotational reorientation times ( ¢ss) using the following equation: 

(1) 

where r is the measured fluorescence anisotropy, r0 is the limiting anisotropy, and ( r) is 

the intensity-weighted mean fluorescence lifetime of the sample as determined using eqn. 

(4) below. A limiting anisotropy of 0.310 ± 0.003 (A-ex = 295 nm) was used for the 

tryptophan ofHSA.27 For RNASeT1 a limiting anisotropy of0.210 ± 0.001 was used for 

samples run at pH 7.4. or 0.240 ± 0.001 for samples run at pH 5.5.27
-
29 For Melittin, the 

limiting anisotropy ranges from 0.210 (0 M NaCl) to 0.240 (2 M NaCl) at 20°C.30 A 

value of 0.21 was used in this study, which utilized 0.1 M KCl in all buffers. 
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4.2.4. Time-Resolved Fluorescence: 

Time-resolved fluorescence intensity decay data was acquired in the time-domain 

using a PTI laserstrobe fluorimeter (Photon Technologies Incorporated, London, ON), as 

34described elsewhere.33
' Samples were excited at 295 nm with emission collected under 

magic angle polarization conditions (54.7°), and passed through a monochromator using 

a 10 nm bandpass set at 335 nm. The intensity data was collected into 25 ps time 

windows, starting 2 ns before the laser pulse arrived (to establish a pre-pulse baseline) 

and covering a 40 ns range. The instrument response function was collected by 

measuring the Rayleigh scattering of the laser pulse from water, and was used to 

deconvolute the instrument r espouse profile from the experimentally determined decay 

trace. Appropriate baseline offset and time-shift parameters were obtained by allowing 

these to be floating parameters in the fit. 

The function describing the fluorescence intensity decay was fit usmg a global 

analysis method to both discrete and distributed fitting models, with goodness-of-fit 

evaluated using the reduced chi-squared parameter, residual plots and autocorrelation 

plots.35 In all cases, the best fit to the decay data was obtained using a sum of discrete 

exponential components, given by: 

I(t) = L:a; exp(-tIT;) (2) 
i 

where 't"i is the decay time and ai is the pre-exponential factor of the ith decay component. 

The fractional fluorescence of component i (fi) was calculated from: 

(3) 
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Using global analysis, the lifetime components were linked for each sample and thus 

remained fixed as a function of aging, while the fractional proportion of each lifetime 

component was allowed to vary as the samples aged. Fractional fluorescence values were 

also used to calculate the intensity-weighted mean lifetime values from the following 

equation: 

(4) 

Time-resolved decays of fluorescence anisotropy were constructed from intensity 

decays that were obtained using vertically polarized excitation and vertically polarized 

emission (Ivv) or horizontally polarized emission (IvH), and were corrected for the 

instrument response profile and the instrumental G-factor, as described in detail 

elsewhere.27 The anisotropy decay was fit to a two-component hindered rotor model 

according to the following equation: 

(5) 

where ~ 1 reflects slow rotational motions associated rotation of the entire protein (global 

motion), ~2 reflects rapid rotational reorientation of Trp residues around its bond axis 

(local motion), and r4 is the residual anisotropy of the protein at long times that reflects 

hindered rotation of the protein. The terms P1 and P2 represent the fractional contributions 

to the total anisotropy decay from the slow and fast motions, respectively (~Pi=1).27 The 

goodness-of-fit was evaluated by minimizing the sum-of-squares of residuals (SSR) 

between the line-of-best-fit and the experimental decay trace and by the randomness of 
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residual plots and autocorrelation plots. T he S SR was typically less than 1 x 1 o-5 for 

satisfactory fits. 

4.2.5. Thermal Denaturation Studies: 

A volume of 1.5 mL of 2.0 ~-tM protein (solution studies) was placed in a quartz 

fluorimeter cuvette which was N2 purged. The temperature was raised in ~ 5 °C 

increments, starting at 20 °C and going to 80 °C. A fluorescence spectrum was collected 

from the sample and from an appropriate blank at each temperature. The temperature of 

the solution in the cuvette was measured directly with a thermistor probe (Hanna 

Instruments model 9043A) to account for loss of heat through the Tygon tubing 

connecting the sample holder and the water bath. The samples were allowed to 

equilibrate for at least 25 minutes at each temperature before readings were taken. This 

equilibration time was found to b e s ufficient as the s ignal did not change when u sing 

longer equilibration times. Emission spectra were obtained as a function of temperature 

and the integrated emission intensity was plotted against sample temperature. The 

midpoint of the resulting unfolding curve was determined by non-linear fitting to extract 

unfolding temperatures (Tun). Cooling the samples indicated that the unfolding transition 

was not reversible (in agreement with studies of HSA denaturation in solution),7 thus 

thermodynamic parameters related to the protein unfolding event could not be obtained 

7for sol-gels. 1
'
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4.2.6. Chemical Denaturation Studies: 

Chemical denaturation studies were carried out with 1.5 mL of 2.0 J.!M HSA in 

solution. Samples were titrated with 6.0 M GdHCl (in glycerated or non-glycerated 

buffer) with constant stirring, and a minimum of 20 minutes was allowed for 

equilibration. A fluorescence spectrum was collected at each point for both the sample 

and a blank containing an identical concentration of GdHCl. The spectra were corrected 

for contributions from the blank and instrument factors as well as for dilution. Data 

obtained from this experiment is analyzed by plotting the Normalized Fluorescence 

Intensity versus the [GdHCl]. For the entrapped samples a 2 mL volume of [GdHCl] = 

6.0 M was added to each sample after entrapment to denature the HSA. 

4.2. 7. Quenching Studies: 

Acrylamide was used to quench the Trp residue in HSA because it is a neutral 

quencher and mimics the behaviour of both substrates used in enzyme kinetics (see 

Chapter 3). Samples were placed in a quartz cuvette containing 1.5 mL of PBS and the 

sample was titrated with 8.0 M acrylamide in PBS (either glycerated or non glycerated) 

and allowed to equilibrate 20 minutes in solution and for 1 day in sol-gel blocks before 

measurements were done. Longer equilibration times did not produce any further 

quenching of the samples. A fluorescence emission spectrum was collected from the 

sample and an appropriate blank after each addition of quencher. Spectra were corrected 

for sample dilution and were integrated from 310 nm to 450 nm. Fluorescence lifetimes 

were also collected in the presence of varying levels of acrylamide, and were converted 

to intensity weighted mean lifetimes using eqn. ( 4). Owing to complications arising from 
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static quenching contributions to the intensity data, the quenching data was fit to the 

lifetime data using a modified version of the Stem-Volmer equation which accounted for 

the possibility of there being a fraction of protein that was not accessible to the quencher 

(fi)?6,37,38 

(6) 

where (r) is the intensity-weighted mean lifetime in absence of quencher, (r) is the 
0 

intensity-weighted mean lifetime in the presence of quencher, [Q] is the molar 

concentration of the quencher, Ksv is the Stem Volmer quenching constant for the 

collisional process (M-1
) and kq is the bimolecular quenching constant (M-1 -s-1

). 

4.2.8. Salicylate Titrations ofHSA: 

A solution of 5 J..LM HSA in 10 mM phosphate buffer or glycerol-loaded buffer was 

titrated with 50 J..LM salicylate (dissolved in non-glycerated or glycerated buffer). Spectra 

were collected for salicylate in both the presence and absence of HSA. A 40 nm window 

centred about the emission maximum at 408 was integrated to provide the intensity 

values for the 1 igand at each salicylate concentration, and this value was corrected for 

dilution factors and for the fluorescence blank. After each addition of salicylate to HSA 

(in solution) it was allowed to equilibrate for 15-20 minutes. The data was plotted as a 

ratio of the [ 408 nm (salicylate)/335 nm (HSA peak)] normalized integrated peaks versus 

115 



concentration of salicylate added and fit by linear regression to obtain a relative ligand 

binding efficiency. 16 

4.3. Results and Discussion 

4.3.1. Fluorescence Measurements from Entrapped Proteins: 

In all cases, high quality emission spectra of the entrapped proteins could be 

obtained with little or no scattering background from the silica matrix, making for 

accurate comparisons to the emission spectra of free HSA. The data clearly show that the 

unfolding of the entrapped HSA can be followed using Trp emission spectra, and further 

indicate that the entrapped HSA can undergo substantial conformational changes. 

Figure 4.1 shows emission spectra of free HSA (A) and NATA (B) in solution 

(shown in black). In the solution studies there is no significant shift in the non­

glycerated versus the 8.5% and 30.1% v/v glycerol doped solution. However, upon 

entrapment HSA (in red) shows a blue-shift in the emission spectra in both TEOS and 

glycerol-doped materials. The blue-shift is more pronounced in the emission spectra of 

the HSA than for the NATA samples. The larger blue-shift noted in the spectra of 

entrapped HSA may reflect a conformational change in the protein, such as compaction, 

that produces the blue-shift. Alternatively, the residual EtOH may create a less polar 

environment, which causes the blue-shift. It is also possible that HSA partially denatures 

to an expanded state,7 leading to the blue-shifted emission. Unfolding experiments 

described below support the latter possibility, although it is not possible to conclusively 

prove the existence of the expanded form in the absence of energy transfer data. 16 
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Spectra show no effect of glycerol on Aem, only entrapment alters the Aem· Glycerol has 

no effect even after entrapment. Another possible explanation for the blue shift observed 

upon entrapment is that entrapment may alter the hydration creating a tendency for the 

protein to minimize its surface without inducing conformational changes. 39
'
40 Priev and 

coworkers proposed that the glycerol induces a release of the so-called "lubricant" water, 

which maintains conformational flexibility by keeping apart neighbouring segments of 

the polypeptide chain. This is expected to lead to collapsing of the voids containing this 

water as well as increase intramolecular bonding which may explain the observed 

effect.41 Such an effect may also be present upon entrapment,42 causing the blue-shift 

which results in the compaction of the protein. 

Figure 4.2 below shows the emission spectra of entrapped HSA as a function of 

time (for day 1 and 26 of aging) in dry-aged blocks. Figure 4.2.A. illustrates that the 

emission spectra of HSA after one day of aging do not red-shift, which would be 

indicative of denaturation of the biomolecule, as is seen above for the entrapped HSA 

exposed to 6.0 M GdHCl denaturant (addition of 6M GdHCl after a day of aging). 

Another thing of interest to note is that the HSA entrapped in sol-gel does not red-shift as 

extensively as the solution samples. The smaller red-shift in the entrapped samples could 

result from the chemical denaturant not being able to diffuse into the pores and interact 

with HSA (GdHCl added after entrapment, sol-gel still contains many solvents), or HSA 

may have adopted a compact structure which results in minimal interaction with GdHCl 

or pores are too small to accommodate fully the unfolded protein. 
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Figure 4.2.B, day 26 of aging, shows a slight red shift in the entrapped HSA emission 

spectra indicative of slight denaturation for the Si1:Glyo.60 and Sh:Gly4.J6· These spectra 

were compared to chemically denatured samples shown in Figure 4.2.A. Once again, the 

entrapped samples do not show spectra as red-shifted as those in solution which could 

imply restricted unfolding. 

4.3.2. Thermal Denaturation Studies ofHSA in Solution and Entrapped: 

Thermal denaturation experiments of HSA in solution were performed using 

normalized fluorescence intensity and 8em measurements, as shown in Figure 4.3B. The 

temperature of unfolding, T m, of HSA in solution increases with increasing percent 

volume of glycerol present (i.e., it takes a higher temperature to unfold HSA) as shown in 

Figure 4.3.A. The solution samples were degassed prior to thermal denaturation, to 

remove 0 2, which increased the Tm (temperature of unfolding) as shown in Figure 4.3.A 

below. However, when examining Figure 4.3.B, the emission maximum for the HSA in 

77%v/v glycerated solution is considerably blue-shifted which could be a solvent effect 

due to the increased glycerol doping as compared to the intermediate value of 30 % v/v 

glycerol. As shown in Figure 4.3B, samples show an initial blue-shift (N (native) ~ E 

(expanded transition) followed by a red-shift (E (expanded) ~ I (denatured 

intermediate) due to partial unfolding of domain II. In solution the protein is not initially 

in expanded form, therefore glycerol does not induce denaturation. 
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Thermal denaturation of entrapped HSA in varying glycerol-loaded sol-gels was 

also examined. However, intensity-based thermal denaturation curves of entrapped HSA 

were difficult to obtain because of photobleaching and photo-oxidation effects, since 

samples were not degassed. The emission maximum of the tryptophan signal, however, 

is immune to these effects and may give some insight into whether the protein is being 

stabilized within the sol-gel. Figure 4.4 shows the emission maximum (in nm) as a 

function of temperature for the different sol-gel materials used in the entrapment ofHSA. 

TEOS-based sol-gels are initially in a blue-shifted state and remain blue-shifted, 

which could signify the HSA protein adopting a partially unfolded intermediate state. 

There was no large change in the emission wavelength which could suggest that the HSA 

had adsorbed to the silica. 16 On the other hand, even though the glycerol-doped sol-gel 

material started off blue-shifted they maintained a more native like HSA emission; it was 

only at temperatures greater than 80 °C is red-shift observed (indicating the protein 

beginning to denature). By adding glycerol we obtained larger pores and perhaps less 

adsorption of HSA to the silica matrix; however a red shift is still observed therefore this 

could imply that the protein was conformationally more flexible. More importantly, there 

is no initial blue-shift in the spectra; rather the spectra are already blue-shifted relative to 

solution. Therefore, it is apparent that the entrapped protein is likely in an expanded state 

upon entrapment, but can further unfold at elevated temperatures in the presence of 

glycerol. 
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4.3.3. Chemical Denaturation Studies ofHSA in Solution and Entrapped: 

Figure 4.5.A. shows the integrated emission intensity at different levels of 

denaturant for HSA in solution. Denaturation of HSA with GdHCl was monitored by 

changes in integrated fluorescence intensity and emission wavelength. The intensity data 

indicated that the protein denatured between 1.8 -2.0 M for the non-glycerated solution. 

There was an increase in denaturant concentration, required to unfold the protein, with 

increasing glycerated percent volume in solution as shown in Figure 4.5.A. From Figure 

4.5.B. the emission maximum of HSA as a function of chemical denaturant GdHCl 

added. T he spectral shifts of entrapped H SA show only a slight shift in the emission 

spectra as compared to solution as shown in Figure 4.6. 

The chemical denaturant GdHCl was added at 6.0 M to the sol-gel blocks 

however GdHCl added did not interact with the HSA as it does in solution in which the 

spectra are significantly red-shifted indicating that HSA had denatured. The 6.0 M 

GdHCl was added to the sol-gels after entrapment. The smaller red-shift of the emission 

intensity for the encapsulated protein suggests that either not all of the protein was 

accessible to GdHCl (due to the presence of other solvent), or that the interaction of 

GdHCl with the entrapped protein was not able to produce as large a conformation 

change as was possible in solution. To further investigate the denaturing effect of GdHCl 

on entrapped HSA a titration should be performed. H owever, due to time constraints 

GdHCl titrations were not performed, as it takes 24 hr of equilibration time for each 

GdHCl concentration. 

124 



•• 

c ...0 1.00
'ii) 
IJ).E •w 
Q) 
0 
c 
Q) 0.75 
0 
IJ) 
Q),_ 
0 

:::J 


IJ.. 
"'0 
Q) 0.50 
-~ 
ro 
,_E 

e 30.1% v/v glycerol •0 z 
0.25 

• Non glycerated 
A. 8.5% v/v glycerol 

0 2 

[ GdHCI] M (A) 

350 

.s 
E' 348 


E 
 ----- No glycerol346:J 
-.t.--· 8.5% v/v glycerol E ·x 344 ...... · 30.1% v/v glycerolco 


:::2: 
 342c 
0 
'iii 340
C/).E +­

338 ~UJ /1(' __,.. --1 

3 4 

'if.\...,..~<Ll •0 336 .. ·•. 'll( ..c •<Ll ~ •••0 
C/) 334 •··• • 

..

•<Ll.... 
0 • •• ..332:J 

u:::: 
330 

0 2 3 4 

[GdHCI] M (B) 

Figure 4.5: Panel A shows the chemical denaturation curves ofHSA in the absence (•) 
and presence of Glycerol(_.. 8.5% v/v and e 30.1% v/v glycerol-doped solutions). 
Panel (B) shows the Amax as function of increased [GdHCl] 

125 



-- 8.5% v/v glycerol + 4M GdHCI 
30.1% v/v glycerol + 4M GdHCI 

,......_ 3401.0~ E 
(/) c: 
c 'E 338Q) 

::J c - .5 336 
Xc Ill0.8

0 f::::E 334"Ci) c: 
0 -~ "iii 
<f) 332E I.E ILll 

UJ
Q) 0.6 330 

() 
 Si1:Giy0 Si1:Giy0.60 Si1:Giy4.16c 
Q) Precursor Type 
() 
(/) 
Q).._ 

0.40 
::1 

- Si1:Giy0_60 + 6M GdHCI LL 
"0 • Si1:Giy4_16 + 6M GdHCI •Q) 

.!:::! -- No glycerol + 4M GdHCI 0.2 
ro 

E
.._ ...... 
0 
z 

0.0 

320 340 360 380 400 420 440 

Wavelength (nm) 

Figure 4.6: Entrapped HSA in the presence of 6.0 M GdHCl as compared to 
corresponding solutions with varying levels of% v/v glycerol in the presence of 4.0 M 
GdHCl 

126 

http:Si1:Giy4.16
http:Si1:Giy0.60


4.3.4. Solution Salicylate Binding Studies: 

Salicylate binding studies provide information on the relationship between protein 

structure and function. This study was performed in solution to monitor whether and to 

what degree the presence of glycerol affects the binding ability of salicylate to HSA prior 

to entrapment. This study shows that glycerol does not hinder the proteins binding 

ability to salicylate. Rather the protein exhibits slightly improved binding when glycerol 

is present rather than absent, as shown in Figure 4.7. Therefore, this leads to the 

conclusion that HSA is not in an expanded or denatured state in solution. The better 

binding ability o f H SA in g lycerated as opposed to non-glycerated solutions may be a 

spectroscopic artifact based on changes in Ro in Gly:H20 solutions, or it may be the case 

that the ~ value of the protein may have changed. 

Salicylate binding studies in sol-gel derived materials were not done due to 

problems encountered with glass scattering artifacts and length of time for salicylate to 

diffuse into the sol-gel and interact with HSA (the equilibration time for binding). 

4.3.5. Quenching ofFree and Entrapped HSA- Accessibility Studies: 

Quenching of HSA was performed using a neutral quencher, like acrylamide 

because it closely mimics the behaviour of both neutral substrates used in enzyme kinetic 

studies in Chapter 3. The accessibility of HSA in solution and entrapped within the 

varying sol-gel material doped with varying glycerol levels have been examined and are 

shown in Table 4.1. This part of the study was aimed at determining if glycerol had any 
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Table 4.1: Acrylamide Quenching of Free and Entrapped HSA in the absence and 
presence of glycerol dopant 

Percent Volume 
Glycerol 

Ksv (M- 1 
) kq (M-1 s-1

) 't0 (ns) Rz f D(cm2/s) 

No Glycerol 4.00 ± 0.07 (7.48 ± 0.16)x 1015 5.35 ± 0.02 0.99 1.0 2.8 X 10-o 

8.5 % v/v 
Glycerol 

3.76 ± 0.03 (6.75 ± 0.09) X 1015 5.57 ± 0.03 0.99 1.0 2.5 X 10-o 

30.1% v/v 
Glycerol 

1.17 ± 0.02 (1.98 ± 0.04) X 1015 5.78 ± 0.02 0.99 1.0 7.5 X 10-1 

Si1:Glyo 

Si1 :Glyo.6o 

Sh:Gly4.16 

0.58 ± 0.03 

0.32 ± 0.03 

0.17 ± 0.01 

(5.80 ± 0.34) X 107 

(6.42 ± 0.56) X 107 

(3.40 ± 0.21) X 107 

4.87 ± 0.03 

4.94 ± 0.04 

5.03 ± 0.01 

0.96 

0.96 

0.98 

0.6 

1.0 

1.0 

2.2 X 10-7 

2.4x10-7 

1.3 X 10-7 

direct effect on the quenching oft he H SA emission response and the possible protein 

environment which exists within the sol-gel, as illustrated in Figure 4.8.43 

The single tryptophan fluorescence of the HSA molecule is quenched in the 

5presence of acrylamide.44
,4 The emission spectra show a gradual decrease m 

fluorescence intensity with increased concentration of acrylamide (figure not shown). 

Two types of quenching contribute to the decrease in fluorescence intensity, they are: 

static and dynamic quenching. 
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Figure 4.8: Possible Envirorunent Encountered by the Entrapped Protein 

At higher T\ , which correspond to increased levels of glycerol doping, the contribution 

from diffusional quenching decreases, while static stays the same, as shown in Figure 4.9 

below. Punyiczki and Rosenberg show that the steady-state quenching of tryptophan in 

HSA by acrylamide as being dominated by static quenching. They state that glycerol 

(along with polyethylene glycol) aids in the formation of ground-state complexes 

between the quencher and fluorophore . Accordingly only 25% of the total quenching 

observed is due to collisional quenching.46 

In solution studies, as the concentration of glycerol increased, the kq, the rate at 

which the quencher collides with the fluorophore, decreases. This is in keeping with 
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viscosity studies, which show that with higher concentration of glycerol there is a 

corresponding increase in viscosity. Therefore, the rate of diffusion of the quencher to 

the fluorophore takes longer which results in lower kq values. 

For quenching experiments in sol-gel lifetimes were obtained at varying levels of 

quencher concentration to circumvent the effects of static quenching and only look at 

collisional quenching interaction of the intrinisic fluorophore with the neutral quencher, 

results shown in Figure 4.1 0. 

For HSA entrapped in TEOS-based materials and glycerol-doped sol-gels there is 

a corresponding decrease in the bimolecular quenching constant. This is the result of two 

factors; first, the entrapment process itself results in a decrease of the kq value; second, 

the glycerol-doped material is more viscous and will also have an added effect towards 

the decrease in the kq value. An interesting point to note is that the quencher diffuses 

faster in Si1:Gly0_60 than the TEOS-based material. Since diffusion is higher, in 

Sir :Gly0_60 than for the TEOS-based sol-gels, the pores must be larger, and therefore there 

is less restriction to analyte movement. The accessibility of HSA in glycerol-doped 

glasses is 100% (f = 1.0), therefore all of the protein is accessible to the analyte. 

However, for TEOS-based glasses only 60% of the HSA is accessible to analyte. In 

terms of relating kq to enzyme kcat> the lower kq v s. solution (ca. 1 0-fold) correlates 

relatively well with decreases in kcat upon entrapment. Therefore, the porous nature of 

the sol-gel creates a tortuous path and restricts mass transport. This finding would be in 

agreement with Chapter 2 results which state with increased glycerol doping there is a 

corresponding increase in pore size. 
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4.3.6. Lifetime Fluorescence Measurements ofHSA in Solution and Entrapped: 

Time-resolved fluorescence offers numerous opportunities for a detailed 

understanding of protein structure. The fluorescence properties of the tryptophan residue 

within the biomolecule could potentially provide information on the 'local' structure and 

environment. Conformational changes in protein often result in changes in the intensity 

decay due to altered interactions with nearby groups. HSA displayed a triple exponential 

lifetime decay, likely due to different rotamers of Trp in HSA.27 The residual and 

autocorrelation plots indicated that it was possible to fit the decay of tryptophan 

fluorescence in HSA to three decay components for all samples, in agreement with 

previous time-resolved fluorescence studies ofHSA.27
'
47

,4
8 The good fits obtained for the 

three component decay model indicated that the collection and fitting of time-resolved 

tryptophan emission decays data for the entrapped proteins could be done reliably with 

no background interference from the silica matrix. In the case of a single tryptophan 

protein, HSA, one can imagine that different conformations may bring the residue closer 

to or further from a quenching group. Under these conditions, only a fraction of the 

protein population would be fluorescent and this fraction would display a different decay 

time than the native protein. Figure 4.11 shows the changes in the fractional 

contributions of the three globally linked decay times for entrapped HSA as a function of 

aging time and condition. 

Figure 4.11 shows the changes in the fractional contributions of the three globally 

linked decay times for entrapped HSA as a function of aging time and sol-gel material 
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formed. For TEOS-based samples, a significant decrease in the fractional contribution 

of the long lifetime component, fi, is shown along with correlated increases in the 

intermediate, fi, and shorter, fi, lifetime components. Also, a lower mean lifetime value 

is shown in Figure 4 .11 for the T EOS-based material. This begins to occur in T EOS­

based materials (Si1:Glyo) near day 30 and is visible by day 62. Glycerol-doped materials 

on the other hand show no decrease in fi, in fact the fractional components remain 

relatively constant after day 30 as the sol-gel entrapped HSA continues to age up to day 

62. These results are consistent with the protein adopting an expanded form in dry-aged 

materials. 

4.3. 7. Conformation and Dynamics: 

Figure 4.12A shows the maximum emission wavelengths and 4.12B shows the 

steady-state rotational correlation times for free and entrapped HSA as a function of 

aging time. Figure 4.12 shows the effects of immediate entrapment on HSA within the 

various sol-gel materials. HSA in solution has a Aem = 335 nm, (r) = 5.28 ns, ~ss = 4.12 

ns. These results suggested that the protein within dry-aged Si1:Gly0 and glycerol doped 

sol-gels (Si1:Gly0.6o and Si1:Gly4.16) experienced an enivironment more close to that of 

HSA in solution exposed to 1.5M GdHCl (Aem = 330 nm, (r) = 4.60 ns, ~ss = 3.44 ns). 

Also, the viscosity increases (11) upon entrapment and therefore slower rotation is 
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observed. Upon entrapment due to the presence both EtOH and glycerol the protein exists 

in an intermediate state. However, with aging and the disappearance of ethyl alcohol and 

retention of water by glycerol the protein adopts a less strained form. Initially, the HSA 

entrapped in TEOS-based material has a steady-correlation time closer to that of the 

native protein. However with aging, the loss of EtOH enables the protein entrapped 

within Si1:Gly0.60 and Si1:Gly4.16 to adopt a conformation similar the TEOS-based 

material, and their rotational correlation times increase, meanwhile the Si1:Gly0 ~ss starts 

to decline by day 26. But, ~ss is very low relative to that expected for protein tumbling, 

therefore~ TR (time-resolved) anisotropy is needed to sort out behaviour of HSA when 

entrapped. 

4.3.8. Time-Resolved Anisotropy ofSolution and Entrapped HSA: 

To further explore protein dynamics, time-resolved anisotropy decay data was 

obtained for HSA in solution and in each type of glass that had been aged for ~1 month, 

as shown in Table 4.2. In all cases, the data for the entrapped protein could be fit 

relatively well to a hindered rotor model with two rotational components, reflecting local 

and segmental rotational motions for an adsorbed protein. Fitting to three or more 

components did not improve the statistics of the fits, and generally resulted in two of the 

three recovered rotational reorientation times having equivalent values. HSA in solution 

did not display hindered rotation (roo ~ 0). Previous finding by our group on the 

rotational motions of HSA suggest that one or two rotational reorientation times of 20 ns 

(global motion) and 0.44 ns (local motion), with the relative weighting of these motions 
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being 2:1. The value obtained is different from previous findings, this may be due to the 

viscous nature of the glycerol dopant added which affects the global motion of the protein 

(as a result only segmental and local motion are most likely observed). 16'27 

Table 4.2: HSA in Solution with varying Glycerol Dopant and Entrapped in Various Sol­
gel Materials 

Sample 
~~(ns)a ~;l(ns) ~lb ~2 r4c ro r/ro SSR0 

Solution 

Native 8.16 1.00 0.0349 0.1606 0.217 7.989 X 10-6 

8. 5% vlv glycerol 10.50 0.52 0.30 0.60 0.0853 0.2185 0.390 1.768 X 10-6 

30.1% vlv glycerol 8.50 0.10 0.22 0.78 0.1195 0.3986 0.300 1.133 X 10-6 

Entrapped 

Day 1 Si1:Glyo 8.56 0.17 0.05 0.95 0.1664 0.3467 0.480 1.768 X 10-6 

Day 1 Si1 :Glyo.6o 14.30 0.27 0.15 0.85 0.0857 0.3411 0.249 8.666 X 10-6 

Day 1 Sh:Gly4.16 10.36 0.45 0.31 0.09 0.1638 0.3981 0.411 1.133 X 10-6 

Day 30 Sh :Glyo 8.68 0.64 0.39 0.61 0.1555 0.1785 0.871 4.034 X 10-7 

Day 30 Si1 :Glyo.6o 7.35 0.62 0.37 0.63 0.1402 0.1849 0.758 3.348 X 10-7 

Day 30 Si1:Gly4.16 6.75 0.52 0.23 0.77 0.1072 0.1615 0.664 4.034 X 10-7 

Day 37 Sh :Glyo 6.82 0.32 0.27 0.73 0.1371 0.2171 0.632 8.091 X 10-7 

Day 37 Si1:Glyo.6o 6.00 0.23 0.11 0.89 0.1067 0.2062 0.527 6.413 X 10-7 

Day 37 Si1:Gly4.16 6.52 0.18 0.19 0.81 0.1200 0.2308 0.520 1.443 X 10-5 
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Upon entrapment of HSA, the most striking change in the anisotropy decay was 

the high value of the residual anisotropy (r4 > 0.11 in all cases). This large residual 

anisotropy value is consistent with adsorption of the probe onto the surface of the glass, 

causing a restriction in the global rotational motion of the protein or the motion is too 

slow to see on 40 ns timescale. A second unexpected result was that the value of the 

longer rotational reorientation time decreased to between 5.6 ns and 10.5 ns, and the 

proportion of the short rotational component increased, consistent with greater mobility 

in the region of Trp-214. Also, for the percent composition of the relative fractional 

components, the ~ 1 component, the global motion, has lower percent fraction contribution 

to the total anisotropy decay than the ~2 component, local/segmental motion of entrapped 

HSA. This could be explained by having HSA adopt an expanded conformation which 

results in an increase in the segmental/local, ~2 , component. This is displayed by both 

glycerol-doped and non-glycerol-doped sol-gel materials. 

4.3.9. Protein-Silica Interactions (probed using Melittin and RNASeTJ): 

The two other biomolecules studied were choosen because they had no domains, 

and therefore no segmental motion. Another reason was because both contain a single 

tryptophan amino acid in order to determine the degree of protein-silica interactions. 

RNASeT1 has a buried tryptophan and therefore we are more likely to see the global 

28 29motion of the entire biomolecule.27
' ' On the other had, Melittin is a polypeptide in 

which two types of motion could be observed (one was the segmental motion of the 

fluorophore with r epect to polypeptide backbone and the other was the rotation of the 
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fluorophore). 27
'
30 Also both biomolecules were smaller in size and therefore the tumbling 

motions of the both RNASeTl and Melittin could be more easily observed. HSA 

rotational motions of the entire molecule were too large to be monitored with glycerol 

being present. Another reason for select RNASeTl and Melittin was because of their 

charge at neutral pH. RNASeTl had an isoelectric point (pi) of 2.9, and at neutral 

pH 7.0, which gives a negative charge.49 Melittin on the other hand, has a pi 11.2 and at 

pH 7.0 is positively charged.Z7 

In these studies both biomolecules exhibit an increase in the steady-state 

fluorescence upon entrapment regardless of the type of glass used as shown in Table 4.3. 

All of the data collected was done in at least triplicate and all of the steady-state 

anisotropies were blank subtracted to account for any scattering effects arising from the 

sol-gel block. For the Melittin samples there is an increase in the steady-state anisotropy 

with increase level of glycerol doping. Therefore, the increase in glycerol doping results 

in an increase in the viscosity and a corresponding increase in the steady-state anisotropy. 

Another interesting trend is that sol-gels Si1:Gly0 and Si1:Gly0.60 exhibit similar steady­

state anisotropy. For RNASeTl the glycerol-doped solutions show an increase in the 

steady-state anisotropy signifying a more rigid environment. Also, RNASeTl data show 

an increase in the steady-state anisotropy upon entrapment however by day 30 there is a 

decrease in the steady-state anisotropy signifying a less rigid, more mobility of 

RNASeTl sample similar to those in solution. 
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Table 4.3: Melittin and RNASeTl Steady-State Anisotropy 

Days Sample Melittin RNASeT1 

1 or 2 

15 

22 

30 

Non-glycerated 
8.5%v/v glycerol 
30.1% v/v glycerol 

Si1:Gly0 

Si, :Glyo.6o 
Si,:Gly4.16 

Si,:Gly0 

Si, :G1Yo.6o 
Si,:Gly4.16 

Si,:Gly0 

Si, :Glyo.6o 
Si,:Gly4.16 

Si,:Glyo 
Si, :Glyo.6o 
Si,:Gly4.16 

0.0360 ± 0.003 
0.0390 ± 0.001 
0.0544 ± 0.001 

0.045 ± 0.005 
0.044 ± 0.004 
0.054 ± 0.012 

0.043 ± 0.005 
0.055 ± 0.029 
0.071 ± 0.028 

0.043 ± 0.008 
0.041 ± 0.005 
0.071 ± 0.003 

0.062 ± 0.017 
0.069 ± 0.024 
0.103 ± 0.024 

0.092 ± 0.014 
0.110 ± 0.008 
0.134 + 0.018 

0.137 ± 0.012 
0.135 + 0.011 
0.148 + 0.001 

0.144 ± 0.013 
0.115 ± 0.005 
0.152 + 0.003 

0.128 ± 0.008 
0.154 + 0.058 
0.143 ± 0.003 

0.109 ± 0.026 
0.104 ± 0.027 
0.097 ± 0.037 

Therefore, in order to obtain more information about the effects that glycerol imparts on 

the biomolecule under investigation (either RNASeTl or Melittin) in solution and when 

entrapped, time-resolved data of tryptophan fluorescence must be obtained. 

4.4. Conclusions 

By means of the examination of the various fluorescence techniques employed, it 

is clear that glycerol-doped HSA solution studies display an increase in stability (as 
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illustrated through an increase in the TM ofunfolding and an increase in the [GdHCl] 

required to denature the protein). Salicylate binding studies showed that glycerol does 

not alter the binding ability of HSA, as compared to non-glycerol-doped studies. Upon 

entrapment in TEOS-derived and glycerol-doped sol-gels HSA experienced a blue shift 

in their emission maximum. Also, quenching studies of sol-gel entrapped revealed that 

the HSA was fully accessible in the glycerated sol-gels and that the TEOS-based glasses 

were only 60% accessible to the analyte. Also, the lifetime data of TEOS-based sol-gels 

shows a lower mean lifetime value, consistent with the protein adopting a partially 

expanded form, however this was not observed for the glycerol-doped glasses. Inorder, 

to determine whether or not glycerol-doped bioglasses are likely to be amenable to 

commercial applications, further studies need to be done both on HSA, RNASeTl and 

Melittin. On the basis of these findings, it is clear that the development of new sol-gel 

processing methods are needed which display increased 1 ongevity and protein stability 

and must be examined more thoroughly in order to clearly determine the effects the 

"second-generation" glasses impart upon the biomolecule under investigation. 
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Chapter 5 

Reagentless pH-Based Biosensing using a Fluorescently-Labelled Dextran Co­
entrapped with a Hydrolytic Enzyme in Sol-Gel Derived Nanocomposite Films 

We report on the development of reagentless fluorescence-based sensmg films 

utilizing hydrolytic enzymes co-entrapped with polymers that are labelled with pH 

sensitive fluorophores. Aqueous solutions of a hydrophilic enzyme (urease) containing 

carboxy-seminaphtharhodafluor-1 (SNARF -1 ), either free or conjugated to a dextran 

polymer backbone, mixed with hydrolyzed a lkoxysilane solutions and c ast onto planar 

surfaces to form thin, biologically active sol-gel-derived films (ca. 500 nm thick). The 

films also contained vanous additives, such as methyltrimethoxysilane, 

dimethyldimethoxysilane, polyethylene glycol, glycerol or polyvinyl alcohol, to optimize 

the activity of the entrapped enzymes. The photostability, leaching, pKa and pH response 

of the entrapped probe were characterized, as was the performance of the entrapped 

enzyme, and an optimal set of processing conditions was obtained for each different 

sensing film. In general, the results indicated that SNARF-labelled dextran was 

insensitive to leaching and photobleaching. Furthermore, it was observed that the pKa 

and pH response of this probe was insensitive to preparation conditions. The 

performance of the urease only moderately dependent on the type and level of additive, 

and in all cases it was possible to obtain active enzyme with good performance 

characteristics. Reagentless sensing films for urea are demonstrated based on the 

detection of enzyme-mediated pH changes from films coated onto planar substrates. 
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5.1. Introduction 

In the past few years, several reports have appeared describing biosensors based on 

biorecognition elements that were entrapped into sol-gel processed glasses derived from 

2 3 4 5 6 7 8 9 10 11 12 13 14tetraethylorthosilicate (TEOS) or tetramethylorthosilicate (TMOS). 1
' ' ' ' ' ' ' ' ' , , , , , 

15 16 17 18 
, ' ' The encapsulation protocol generally involved hydrolysis oft he a lkoxysilane 

precursors using acidic or basic catalysts, followed by the addition of a buffer solution 

containing the protein of interest to promote gelation. In most cases, low temperature 

aging over a period of several days or weeks resulted in a durable, optically clear material 

that was suitable for optical sensor development. 19 

The development of fluorescence-based biosensors generally relies on the ability to 

place both a biorecognition element and a fluorescent reporter group in close proximity to 

an inorganic transducer. A key advantage of sol-gel-derived matrixes is the ability to 

entrap multiple species within a confined space. Recently, several reports have described 

the successful entrapment of multi-enzyme systems within a single sol-gel derived 

matrix. Examples include the co-immobilization of glucose oxidase and horseradish 

peroxidase for glucose sensing,20 the entrapment of a three-enzyme system21 for catalysis 

of reactions to form C02 from methanol, and the entrapment of a six enzyme mixture 

produce a multi-step biosynthesis of a (2,6) sialyl - N-acetyllactosamine from 

N-acetyllactosamine and N-acetylmannosamine.22 In each of these cases, the ability to 

co-immobilize multiple species with good control over the spatial distribution of the 

various dopants resulted in an increase in the rate of product formation, and thus better 

overall performance. 
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A second advantage of sol-gel processed materials is the ability to tune the material 

. . . h c. f h d b" 1 1 23 24 25 26 27 properties so as to optimize t e per1orrnance o t e entrappe Iomo ecu es. ' ' ' ' 

Examples include the entrapment of atrazine chlorohydrolase into 

methyltrimethoxysilane-based materials,28 entrapment of lipase and human serum 

albumin in organically modified silicates (ORMOSILS),29 co-immobilization of glucose 

oxidase and horseradish peroxidase in the presence of a graft copolymer of 

polyvinylimidazole and polyvinylpyridine30
•
31 and the entrapment of acetylcholinesterase 

and butyrylcholinesterase in the presence of polyethylene glycol. 32 In each case, the 

addition of organosilane precursors or polymers resulted in improved function for the 

entrapped protein as compared to that obtained in unmodified glasses, with typical 

24 25 26 27 28activity enhancements being on the order of 4- 20 fold. 23
• • • • • 

In this study, we have employed sol-gel processing methods to develop a reagentless 

biosensor for urea based on the co-entrapment of urease and a pH sensitive fluorescent 

probe into submicron thick silica films. The basic products that are generated by the 

urease catalyzed reaction are detected via changes in the emission oft he pH sensitive 

dye, resulting in a sensing film that requires the addition of no extra reagents (aside from 

the analyte) to generate a signal. The hydrophilic enzyme (urease) was examined to 

allow us to investigate the effects of organosilane precursors and polymer additives on 

enzyme performance, and to see if optimal compositions could be obtained for this type 

of enzyme. The reactions catalyzed by urease, and the resultant products, are shown 

below: 
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0 
II urease 

H 2NCNH2 + 3H 20 C02 + 2NH/ + 20H ­ (1) 

The detection of pH shifts resulting from product formation was accomplished using 

the pH sensitive fluorescent probe seminaphtharhodafluor-1 (SNARF-1), whose structure 

is shown in Figure 5 .1. This probe was used in the free form, or as bound to a high 

molecular weight dextran backbone to determine if this modification could prevent 

leaching.33 

0 

HO-C 

It 

0 5 

Figure 5.1: Structure ofSeminaptharhodafluor-1 (SNARF-1) 

SNARF-1 reports pH by monitoring the change in the ratio of intensities at two emission 

wavelengths as a function of pH as shown in Figure 5.2?4 Overall, our results show that 

the film composition has significant effects on both the pH sensitive dye and the 

entrapped urease. However, careful choice of organosilane precursors, polymer 

additives, and the pH sensitive dye allows one to optimize the activity of entrapped 

enzyme the overall sensitivity of the sensing films. 
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Figure 5.2: The Ratiometric Response of Seminaptharhodafluor-1 (SNARF-1) as a 
function of the production of ammonium carbonate during urease catalyzed hydrolysis of 
urea. 
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5.2. Experimental 

5.2.1. Chemicals 

Tetraethylorthosilicate (TEOS, 98%), methyltriethoxysilane (MTES, 98%), 

dimethyldimethoxysilane (DMDMS, 98%), polyvinyl alcohol (PVA, MW 9000-13,000, 

87% hydrolyzed) and polyethylene glycol (PEG 400 or 600) were purchased from 

Aldrich (Oakville, ON) and were used without further purification. Urease (E.C. 3.5.1.5, 

type IX from Jack Beans, 50,000 units.i1 solid) and urea were from Sigma (Oakville, 

ON). Seminaphtharhodafluor-1 (SNARF-1), and SNARF-dextran (SD, MW 70,000), 

were obtained from Molecular Probes (Eugene, Oregon). Glass microscope slides (cut to 

dimensions of 7 mm x 25 mm) were obtained from Fisher Scientific (Toronto, ON). All 

water was purified by reverse osmosis and deionized using a 4-stage Milli-Q water 

purification system. All other chemicals and solvents used were of analytical grade and 

were used without further purification. 

5.2.2 Procedures 

5.2.2.1. Preparation ofSol-Gel Derived Films: 

Solutions containing 20% (mol:mol) MTES or 10% (mol:mol) DMDMS in TEOS 

were hydrolyzed using a H20:Si molar ratio of 4:1 under acid-catalyzed conditions, as 

described elsewhere.32 After sonication, varying volumes of glycerol were added, at 

41 °C over an hour with continual stirring to prepare solutions with glycerol:TEOS mole 

152 

http:elsewhere.32
http:units.i1


ratios, ranging from 0.08:1 to 4.16:1. A volume of 0.1 mL of the hydrolyzed silane 

solution was added to an equivalent volume of a buffer solution (1 0 mM Tris, 100 mM 

KCl, pH 7.0) that contained 10- 50 J.!M of the appropriate fluorophore or fluorophore­

dextran conjugate, and ca. 2 .0 mg/mL of the appropriate enzyme, if present. In some 

cases, the buffer solution also contained 3% (w/v) of PEG 400, PEG 600 or PV A. The 

contents were mixed for one minute (using a vortex mixer) and 70 J.!L of the solution was 

transferred onto a glass slide that was previously cleaned by soaking in 1.0 M KOH for 

24 hours, followed by rinsing with copious amount of distilled, deionized water drying 

under a stream of N2 . The slide was spun at 2000 rpm for 1 minute to produce a thin 

film. The films were then aged in air at 4 °C for at least 12 hours before testing. The 

thickness of the films was determined using an alpha-step 500 surface profilometer. All 

samples were prepared and tested in triplicate. 

5.2.2.2. Fluorescence Spectroscopy: 

Silane coated glass slides were mounted m a teflon holder in a 1 cm2 

polyrnethacrylate cuvette at an angle of 45° with respect to the excitation beam, such that 

the excitation radiation was reflected away from the emission PMT .18 The coated slides 

were present in a Tris buffer solution maintained at a temperature of 20 ± 0.2°C, using an 

SLM 8100 spectrofluorimeter described elsewhere. 18 Samples containing SNARF were 

excited at 510 nrn with emission collected from 550 nrn to 800 nrn. All spectra were 

collected in 1 nrn increments at a rate of 3 nrn/sec and were corrected for wavelength­

dependent anomalies in the emission monochromator throughput and PMT response. 
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5.2.2.3. Leaching and Photobleaching Studies: 

Fluorophore-doped films were incubated in cuvettes containing 2.0 mL of a buffer 

solution for 12 hours. The emission spectra ofthese solutions were then collected to 

examine probe leaching. Photobleaching studies were done using samples that showed 

no leaching, to eliminate contributions to intensity decreases resulting from loss of the 

probe. The samples were continuously irradiated at their maximum excitation 

wavelength and the fluorescence intensity at the emission wavelength maximum was 

monitored for 15 minutes. The total loss of intensity after 15 minutes of irradiation is 

reported. 

5.2.2.4. pH Response Studies: 

The pH response of the free and entrapped fluorophore was tested by placing the 

sample into solutions containing 0.1 M Tris buffer adjusted to pH values ranging from 

4.0 to 10.5. Fluorophore-doped films were equilibrated for 10 minutes before a scan was 

collected (note: longer equilibration times did not alter the results). For SNARF, the ratio 

of emission maxima at 588 nm and 620 nm, obtained by integrating a 20 nm window 

centered on each peak, was plotted against pH. Alternatively, the emission intensity was 

collected simultaneously at 588 nm and 620 nm (T-format detection for SNARF) as a 

function of time for response time studies. 
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5.2.2.5. Reagentless Sensing: 

Silane-coated slides containing SNARF-dextran and the appropriate enzyme were 

suspended from the top of a cuvette containing 1.5 mL of buffer. The sample was excited 

at 510 nm and emission was detected by obtaining a full emission spectrum, or by 

simultaneously monitoring the emission intensity at 588 nm and 620 nm using T-format 

detection. Once a constant signal was obtained, the appropriate substrate solution was 

added to the cuvette to obtain a final substrate concentration of 50- 300 mM urea. The 

emission ratio was measured as a function of time and the slope of the response curve 

was plotted against substrate concentration to generate a concentration-response curve. 

5.3. Results and Discussion 

5.3.1. Optimization ofSignals from Entrapped Probes 

Three key factors determine the utility of entrapped fluorophores for optical pH 

sensing. These are the signal-to-noise level for detection of the probe in the thin films, 

the retention of the probe within the films (which relates to the stability of intensity-based 

signals), and the photostability of the probe, which can alter intensity-based signals. 

Entrapment of various levels of SNARF-dextran (SD) into thin films revealed that the 

limits-of-detection for the probe was ~1.0 ~M. In order to produce high quality emission 

spectra, we typically used ~M SD in all samples. At these levels, the signal-to-noise 

ratios were ~ 100:1, respectively (using 4 nm bandpasses on both the excitation and 

emission monochromators). This concentration level was also selected so that the 
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emission signal was at least a factor of 50 higher than the background, eliminating the 

need for subtraction ofblanks. 

Table 5.1 shows the extent of leaching and photobleaching for free and dextran­

linked versions of SNARF. It is clear that the dispersed probe leached extensively from 

TEOS-derived films, even with polymer doping, with as much as 30% of the entrapped 

probe leaching from the films after 12 hours. These results suggest that the probe was 

located in the solvent phase of the film, and thus was free to diffuse throughout the 

matrix. On the other hand, incorporation of organosilanes markedly reduced the extent of 

leaching of the probe, consistent with the hydrophobic probes associating with the alkyl 

chains present at the pore surfaces. This result clearly demonstrates that leaching of 

probes can be controlled relatively well by incorporation of hydrophobic groups into the 

polar silica glasses, in agreement with previous studies by Collinson et al. 35 and 

MacCraith and co-workers.36 

Films that contained dextran-linked SNARF showed no leaching whatsoever, 

regardless of the film composition, provided that the films were aged for a minimum of 

12 hours before testing to allow the films to fully dry.37
'
38

'
39 These results are in 

agreement with previous studies by Bright and coworkers,35 but are contrary to recent 

results reported by Saavedra et al.40 The latter results suggested that significant leaching 

ofFluorescein-dextran (70,000 MW) occurred from bulk glasses derived from TMOS. 

However, these glasses were aged for only 48 hrs, and thus would be expected to have a 

relatively open pore structure.41 In contrast, our films are almost completely dry after 

12 hrs of aging,42 and therefore are likely to have a more highly cross-linked structure 
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that would result in full retention of the probe. Overall, the attachment of the probe to a 

high molecular weight backbone o f neutral charge proved to b e an effective means to 

eliminate leaching of the probe from thin films, and thus provided a stable intensity-based 

signal. Furthermore, this method did not require the incorporation of hydrophobic 

species (although this was still possible), meaning that a wider range of glass 

compositions could be employed for sensor development. Thus, fluorescently-labelled 

dextran species were used for all further studies. 

The data in Table 5 .1 indicates the photostability o f the probe was a more serious 

problem; SNARF-dextran showed substantial photobleaching over a period of 

15 minutes. The incorporation of organosilanes or polymers into the films did not alter 

the extent of photo bleaching, within error. This result suggested that the major cause of 

photodegradation was likely the inability of the probe to diffuse within the matrix, 

coupled with the fact that the films were not deoxygenated, potentially leading to photo­

oxidation.18 One potential method to overcome this difficulty is to use a pulsed 

excitation source in conjunction with gated detection. However, such instrumentation 

was not utilized in the present study since the ability to detect pH changes by monitoring 

a ratio of intensities for the two emission peaks of SNARF removed any deviations that 

were related to degradation of the probe. 

5.3.2. Analytical Behavior ofEntrapped pH-Sensitive Fluorescent Probe 

The use of an entrapped optical probe for sensing of pH changes has been examined 

extensively, and it has been noted that entrapment can in many cases alter the pKa of the 
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Table 5.1: Properties of entrapped SNARF probe. All values are given after aging the 
films for 24 hours in sealed cuvettes, unless otherwise stated. 

Sample % % Change Analytic Response 
Leaching 

pKa (± 
Photo- m al Range Time (s/ 

after 12 
0.2) 

bleachin Signal (SD)(SD) (ilpH) 
hrsa (%)g (SDl

(SD)b,c (SD)d(S/SD) 

Solution 1.439 7.2 3.9 5-

TEOS 30/0 7.5 0.976 4.1 95 

20%MTES 1/0 0.785 7.5 3.0 73 

10%DMDMS 4/0 7.8 0.533 3.4 76 

TEOS-PEG 600c 12/0 7.8 0.87 843 3.8 

20% MTES-PEG 2/0 8.1 0.77 96 
600 

4/0 

7 2.8 

0.393 7.4 3.2 30 
10% DMDMS-PEG 
600 13/0 8.2 0.785 3.6 86 

TEOS-PVAd 2/0 5 8.1 0.75 3.0 51 

20%MTES-PVA 3/0 2 8.0 0.43 3.6 111 

10% DMDMS-PVA 

a) S = SNARF, SD =SNARF-dextran, typical relative standard deviation (RSD) for 
leaching data is ± 10%, b) photo bleaching was done only for dextran linked probes to 
avoid contributions from leaching, c) values refer to photobleaching after 15 minutes 
irradiation time d) the first number gives the changes in emission ratio for SD, e) the limit 
of detection for the upper and lower pH values was determined using a SIN ratio of 3, and 
the number reported is the difference in these values, the RSD for SD samples is± 0.2, 
RSD, f) typical errors are on the order of ± lOs. 
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probe,35
•
42 the sensitivity of the probe to pH changes35 and the analytical range for pH 

sensing.43 Figure 5.3 shows typical pH response profile for SNARF-dextran in solution 

and in sol-gel-derived films prepared from pure TEOS (which typically gave good 

response characteristics) and from DMDMS containing 3% (v/v) PYA (as an example of 

a sample with relatively poor response characteristics). 

As shown in Figure 5.3, SNARF showed a decrease in the intensity of the peak at 588 

nm (acidic form) and an increase in the intensity of the peak at 640 nm (basic form) as 

pH increased, resulting in the ratio (15ss/I64o) decreasing as pH became more basic. 

Incorporation of the probe into sol-gel derived thin films caused the apparent pKa 

(obtained by determining the inflection point in the pH-based titration curves) to increase 

by up to 1.0 pH unit as compared to the solution pKa of 7.8. This result suggests that the 

probe sensed a more acidic environment within the glass. The shift in the pKa value to 

more basic pH values may reflect the association of the positively charged probe with the 

negatively charged silicate surface, leading to protonation of the probe. It should be 

noted that the pKa is still fairly close to the physiologically relevant pH value (pH 7.4), 

making it useful for enzyme-based studies. 

The data in Table 5.1 also reveal that entrapment causes SNARF to have lower 

sensitivity to pH, as judged by the smaller change in the emission ratio over the pH range 

from 4.5 to 10.0. For example, the probe is 33% less sensitive when entrapped in a 

TEOS-derived glass than in solution, while the probe loses over 75% of its sensitivity to 

pH shifts when entrapped in DMDMS-PV A glasses. 
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Figure 5.3: Typical pH response profiles for SNARF-dextran in solution (e) and in sol­
gel derived films prepared from pure TEOS (.)and from DMDMS containing 3% (v/v) 
PYA ( ...). The error bars for SD in solution are within the symbols. The lines are 
intended only as a guide for the eye. The inset figures show the spectra obtained from 
TEOS derived films, the arrows show the direction of the peak intensity changes on 
shifting the pH to more basic conditions. 
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In general, the probe within the TEOS-derived samples was the most sensitive to pH 

changes, followed by probe within MTES and then DMDMS. Addition of polymers 

tended to produce slight decreases in the sensitivity of the entrapped SNARF to pH, 

perhaps reflecting polymer-probe interactions that produced photophysical changes in the 

probe (i.e., alterations in quantum yield of the basic and/or acidic forms). SNARF 

entrapped within TEOS-derived samples also showed that largest analytical ranges, 

followed by DMDMS and MTES. Addition of polymer had no statistically significant 

effect on the analytical ranges for the three types of films. Overall, the data show that the 

addition of organosilane species alters the pH response behaviour of the probe 

significantly, while addition of polymers tends to have a smaller overall effect. The 

results suggest that TEOS-based films are best for pH sensing when using SNARF as the 

pH-sensitive dopant as shown in Table 5.1. 

Perhaps most important for pH sensing was the relative error of the pH measurement. 

For SNARF, there was typical variation of a few percent in the emission ratio for a given 

pH value (note the small error bars on the SD titration curves). Hence, the use of changes 

in peak ratios to monitor shifts in pH appears to produces a more robust signal and thus a 

more reliable sensing strategy. 

Figure 5.4 shows the pH response obtained upon addition of acid or base to SNARF­

dextran entrapped in TEOS-derived films containing 3% PVA. These films were chosen 

as they showed reasonable sensitivity to pH changes, and, as shown below, good 

responses from entrapped enzymes. In general, the response times were quite rapid for 

all samples(< 2 min, see Table 5.1), as expected given that the films were on the order of 
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Figure 5.4: pH response as a function of time during addition of acid or base to SNARF­
dextran in TEOS derived films. The response refers to the successive addition of six 10 
f.!L aliquots of 0.1 M NaOH (0-500 s), resulting in decreases in the emission ratio, or 0.1 
M HCl (500-1000 s), resulting in increases in the emission ratio. Note: the dips in 
intensity shown are due to closing of the shutters in the instrument during addition of 
reagents, and are not part of the actual response of the probe. 
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500 nm thick. However, it was noted that the response was fastest in the more polar 

films (TEOS < MTES < DMDMS), and that the addition of PEG improved response 

times while PV A had no effect on response times relative to undoped films. 

The ratio of emission intensities for entrapped SNARF -dextran as a function of 

pH as revealed in Figure 5.4 shows the ratio of emission intensities for entrapped 

SNARF-dextran decreased with increasing pH. It must be noted that the gain on the 

detectors for peaks at 588 nm and 640 nm was adjusted to expand the range of peak ratios 

from 0 - 10. The pH-dependent responses are consistent with those obtained from 

solution based studies. The pH response was fully reversible, and was sensitive to small 

changes in pH while being immune to changes in emission intensity resulting from 

photodegradation of the probe. The signals obtained from SNARF -dextran were 

completely reversible, and the films could be cycled through numerous pH shifts with no 

degradation in p erformance. T he reproducibility in the response with pH is excellent, 

with the relative standard deviation of the response being on the order of 1% or less. 

5.3.3. Reagentless sensing using Enzymes Co-entrapped with SNARF-dextran 

5.3.3.1. Effect ofFilm Composition on Enzyme Performance 

Urease was co-immobilized with SNARF-dextran and was used to monitor the activity of 

the entrapped biomolecule. Knowing the SNARF-dextran is a pH sensitive probe it 

monitored the generation of the products carbamate and ammonia. However, carbamate 

is unstable and spontaneously decomposes to yield a second molecule of ammonia and 

carbonic acid.44 Figure 5.5 shows the relative activity of urease in the presence of 
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saturating levels of urea for each of the nine different films compositions, as measured 

using S NARF -dextran that was entrapped in each of the films. Panel A shows actual 

measured data, while panel B shows activity data that has been corrected for both film 

thickness (to account for differences in amount of enzyme present) and for probe 

sensitivity to shifts in pH to provide insights into how additives alter enzyme 

performance. In this case, the enzyme showed maximum activity in the more polar 

TEOS-derived films, as might be expected given that the enzyme is water soluble and the 

analyte is polar. Addition of organosilane precursors lowered the measured activity 

markedly, regardless of whether there was any polymer additives incorporated into the 

film. Panel B shows the direct effect of film composition on enzyme behaviour, after 

accounting for differences in pH sensitivity and amount of enzyme. These results 

indicate that the inclusion of MTES does not alter the apparent enzyme activity; rather it 

is the lower pH sensitivity of SNARF-dextran and the decrease in film thickness that 

produces the lower overall measured activity in such films. The results also show that 

PEG has no statistically significant effect on the enzyme behaviour, regardless of which 

organosilane is used to form the film. On the other hand, both DMDMS and PV A are 

somewhat deleterious to enzyme function (or they reduce the penetration of urea into the 

film). Overall, the results clearly show that tuning of the film properties is essential for 

optimizing the sensitivity of the sensing film to the analyte of interest. In general, more 

polar films are most suitable for polar analytes and soluble proteins. 
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5.3.3.2. Reagentless Sensing Using Urease Coated Slides 

Figure 5.6 shows the calibration plot for the response of SD entrapped in a 

urease-doped TEOS-glycerol-doped film as a function of urea concentration. The ratio of 

basic (640 nm) over acidic (588 nm) peak intensities is reported in this case so that the 

signal increases with concentration of substrate. In this case, the signal is initially linear 

(over the range from 0- ~20 mM urea), and then begins to show a non-linear response 

beyond ~30 mM urea, likely owing to saturation of the enzyme with the substrate. The 

changes in emission ratio per unit time were obtained by recording the slope during only 

the first minute after the addition of substrate, (at which point the slope was stable), 

providing a relatively rapid response. Based on the calibration plot, a limit-of-detection 

on the order of 1 mM is obtained for urea, with a dynamic range of ~30 mM. These 

values are in agreement with those obtained using other electrochemica145 and optical46 

sensors for urea. 
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Figure 5.6: Calibration plot for a TEOS-glycerol based film containing urease and 
SNARF-dextran upon addition of varying concentrations of urea. 
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5.4. Conclusions 

Reagentless fluorescence-based sensing films that are suitable for the determination 

of pH, urea or concentration have been developed based on co-entrapment of a 

fluorescently-labelled polymer and a hydrolytic enzyme in a sol-gel-derived glass. It was 

determined that linkage of the fluorophore to a high molecular weight polymer backbone 

completely eliminated leaching, while use of a ratiometric signal from a dual-emission 

probe eliminated signal variations arising from photodegradation of the probe. Together, 

these improvements led to a highly stable and reproducible fluorescence signal that, in 

optimal cases, was capable of measuring a pH change of as little as 0.10 units over the 

range from 6.5 to 9.5 in under one minute. The sensitivity to pH could be adjusted by 

varying either silane precursors or polymer additives, although optimal pH sensitivity 

was obtained from TEOS derived films without polymer present. 

The addition of a hydrolytic enzyme (urease) to the matrix resulted in the production 

of biologically selective films, which were used for biosensing of urea based on the 

detection of basic products related to the enzyme-substrate reactions. The ability to co­

immobilize the pH indicator along with the protein led to rapid response times while 

avoiding the possibility of altering the protein behaviour as a result of covalent 

attachment of the probe. An important finding from this work was that the overall 

performance of the entrapped enzyme could be optimized to a significant degree by 

addition of both organosilane precursors and polymer dopants. Results clearly show that 

substantial tuning of the response can be achieved by carefully adjusting the sol-gel 

immobilization protocols to suit the particular biomolecule and analyte of interest. 
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While the new biofilms show promise for reagentless sensing applications, more work is 

needed to both understand and optimize the signal. Firstly, the enzyme behaviour in the 

films must be more carefully examined, and factors such as the Michealis constant and 

turnover number must be measured to better understand how the various additives altered 

enzyme performance. Furthermore, the accessibility of the enzyme must be determined 

(via quenching studies) to verify if the higher sensitivity is due to improved enzyme 

activity or enhanced accessibility. F inally, methods must b e developed to account for 

drifts in pH that are not related to enzyme-substrate reactions, including the use of multi­

analyte sensing configurations with one sensor for pH, and the other for analyte. 
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Chapter 6 


Conclusion and Future Outlook 


The addition of glycerol to hydrolyzed TEOS-based sols results in a 

polyglycerylsilane precursor solution in which the level of ethanol is reduced relative to 

undoped sols. Materials prepared from polyglycerylsilane sols were shown to have larger 

pores (meso and/or macropores), less shrinkage and reduced cracking relative to TEOS­

based materials. Such materials remained optically clear and could be formed as bulk 

glasses or thin films, which should be suitable for optical sensor development. 

The polyglycerylsilane sols were mixed with buffered solutions containing 

enzymes to produce silica materials containing the entrapped biomolecules urease or 

glucose oxidase I horseradish peroxidase. The entrapped enzymes displayed improved 

initial activity and better long-term stability in glycerol-doped silica relative to traditional 

TEOS-based materials. However, both KM and kcat values for the entrapped enzymes 

were significantly altered relative to solution values owing to limitations in mass 

transport of analytes through the mesoporous matrix. The results indicate that, at least 

with some enzymes, this technique may provide extended shelf-life for entrapped 

biomolecules. 

To gain further insight into the effects of glycerol doping on the properties of 

entrapped proteins, both steady-state and time-resolved fluorescence ofTrp 214 was used 

to examine the conformation, dynamics, accessibility, thermal/chemical stability and the 

degree of ligand binding of human serum albumin (HSA) in solution and after 
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entrapment of the protein in glycerol-doped TEOS-based materials. HSA entrapped in 

glycerol-doped materials showed improved thermal and chemical stability and the 

presence of glycerol (in solution) did not appear to alter the ability of HSA to bind to the 

ligand salicylate. These results are consistent with the well-known 'osmophobic effect' 

in which the protein becomes preferentially hydrated and thus retains a more native-like 

conformation. Entrapment of HSA, however, even in the presence of glycerol, appeared 

to result in conformational changes in the protein that were consistent with HSA adopting 

am ore compacted state (duet o o smophobic effect) or an expanded form. Quenching 

data showed that HSA within TEOS-derived and glycerol-doped silica was fully 

accessible to neutral analytes. However, entrapment also resulted in a significant 

decrease in the rate of diffusion of analytes through the matrix, as demonstrated by the 

lowering of the kq value. The lower kq values correlate well to the decreases in kcat values 

for entrapped enzymes, and show that mass transport through the matrix must be further 

optimized to obtain improved enzyme performance. 

The glycerol-doped materials were shown to be amenable to the formation of thin, 

protein-doped films that were suitable for the development of reagentless fluorescence­

based sensing films. These films utilized the hydrolytic enzyme urease co-entrapped 

with a polymer that was labelled with the pH sensitive fluorophore SNARF. Reagentless 

sensing films of urea were developed based on the detection of enzyme-mediated pH 

changes from films coated onto planar substrates. 

Overall, the inclusion of glycerol into TEOS-based materials resulted in improved 

performance for entrapped biomolecules when compared to the traditional TEOS-based 
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materials. Some drawbacks of these materials, however, remain to be overcome. For 

example, the material properties still need to be improved to further reduce cracking and 

shrinking of the silica matrix. The changes in the silica material and the behaviour of 

entrapped proteins as a function of aging must also be better controlled, as the aging of 

the material reduces the reproducibility of analytical responses from the entrapped 

enzymes. Furthermore, the glycerol can be washed out of the matrix, thus removing the 

beneficial effects of this additive. To overcome these problems, a number of 

improvements in sol-gel biocomposites are possible. Further developments of materials 

through the creation of permanently linked glycerol, sugars or polyelectrolytes (currently 

under investigation in our group) will result in a permanent modification of the silica 

matrix, and may allow for control of matrix electrostatics, reduction or elimination o f 

analyte-matrix interactions, and an overall improvement in the activity and stability of 

entrapped biomolecules. 
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