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Abstract 

 

Nowadays, the increasing number of samples in environmental analysis, 

biomedical studies and drug screening requires the chemists to analyse a large 

number of samples within a short time without raising the cost of analysis of each 

sample.  The standard microtiter plate (or microplate) is a 96-well container with 

small operating volume (total volume: 360µl for each well) and the flat clear bottom 

is suitable for optical measurement.  The microtiter plate is a convenient platform to 

be modified as high-throughput biosensors for small sample analysis.  In this 

project, microplate-based biosensors for dissolved oxygen measurement, toxicity 

tests, biochemical oxygen demand (BOD) determination and carbohydrate-protein 

interaction studies have been developed. 

 

ORMOSIL (organically modified silicate) optical oxygen sensors on 

microtiter plates have been developed via a simple, convenient and low-cost method.  

The ORMOSIL high-throughput oxygen sensors prepared from tetramethoxysilane 

(TMOS) and dimethoxy dimethylsilane (DiMe-DMOS) with 

tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II), [Ru(dpp)3]2+, as the sensing dye 

were coated onto the well bottom surface of a 96-well polystyrene microtiter plate to 

 vi



give a high-throughput system for dissolved oxygen measurement.  The ORMOSIL 

high-throughput oxygen sensors adhere on the well bottom surface strongly and give 

linear Stern-Volmer calibration plots with high sensitivity and long term stability. 

 

The applicability of this ORMOSIL high-throughput oxygen sensor platform 

for cell-based toxicity assays has been studied.  The toxicity of two antimalarial 

drugs chloroquine and quinacrine on a yeast model (Saccharomyces cerevisiae) for 

studying drug resistance was evaluated by measuring their effect on the respiration 

rate (dissolved oxygen consumption rate) of yeasts which was monitored by the 

ORMOSIL oxygen sensor.  The IC50 values (concentration of a drug that exhibits 

50% respiration inhibition) of the drugs obtained by ORMOSIL oxygen sensor were 

found to be in good agreement with those determined by conventional optical density 

(OD595) method. 

 

In addition, ORMOSIL high-throughput oxygen sensors in combination with 

aerobic assimilatory microorganisms can also serve as biosensors for BOD 

determination.  The BOD biosensor was constructed by coating a microbial film on 

top of the ORMOSIL oxygen sensing film.  The microbial film was fabricated by 

immobilizing a bacterial species, Stenotrophomonas maltophilia, in 
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sol-gel-poly(vinyl alcohol) matrix.  The results obtained with the BOD biosensor 

were in agreement with those of the conventional BOD5 method for different 

wastewater samples.   

 

 A simple, convenient, low-cost and high-throughput microplate-based 

carbohydrate sensor has been constructed for carbohydrate-protein interaction study.  

The high-throughput carbohydrate sensor was constructed by covalent 

immobilization of aminated carbohydrate onto TESPI-ORMOSIL film (TESPI = 

3-(triethoxysilyl)propyl isocyanate) on a microtiter plate.  The TESPI-ORMOSIL 

film was prepared by coating a layer of 3-(triethoxysilyl)propyl isocyanate (TESPI) 

onto a transparent ORMOSIL film.  The application of the high-throughput 

carbohydrate sensors in studying carbohydrate-protein interaction has been 

demonstrated by the well established carbohydrate-lectin system.  The results show 

that this microplate-based carbohydrate microarray sensor is practical for 

high-throughput analysis of carbohydrate-protein interactions. 
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Introduction 
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1.1 Background 

 

The increasing number of samples in environmental analysis, biomolecular 

studies and drug screening requires chemists / biologists to analyse a large number of 

samples within a short period of time without raising the cost of analysis of each 

sample.  With the ever increasing number of samples and the limited availability of 

cells and expensive biochemicals, there is a need to develop economic, time-saving 

and fully automated equipment with highly sensitive detection devices 

(high-throughput systems) for multi-sample analyses with small sample volumes.  

In these high-throughput systems, multiple parameters such as oxygen concentration, 

pH, etc. are often required to be determined at the same time within the same device.  

These high-throughput systems serve the purpose of screening hundreds to thousands 

of potential drug candidates against a biological target within a short period of time 

in the pharmaceutical industry.  In high-throughput screening, microtiter plate is the 

most simple and convenient device.  The first microtiter plate was introduced by 

Gyula Takatsy in 1955 which marked the beginning of miniaturization of sample 

handling [1].  A microtiter plate is often made of plastic (mostly polystyrene) which 

contains up to 1536 sample wells for multi-sample analysis.  Commercially 

available microtiter plates have 6, 24, 96, 384 or 1536 sample wells arranged in a 
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rectangular matrix.  A 96-well microtiter plate is shown in Figure 1.1.  Most of the 

microtiter plates have a flat clear bottom which allows optical measurement of 

absorbance and / or fluorescence through the well bottom.  Nowadays, microplate 

readers are essential equipment in most biochemical or even chemical laboratories 

and they find their wide applications in toxicity tests, enzymatic assays, clinical 

assays, proteomics study and drug screening. 

 

In this thesis, modification of microtiter plates for various high-throughput 

applications will be described.  Specifically, microtiter plates are modified as 

high-throughput dissolved oxygen sensors, BOD biosensors and carbohydrate 

sensors.  The background of each of the sensors studied in this dissertation will be 

discussed in the following sections. 
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Figure 1.1 A black 96-well microtiter plate with flat clear bottom for fluorescence 

measurement. 
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1.2 High-Throughput Luminescence-Based Oxygen Sensors 

 

Oxygen is one of the most important gases in our living environment.  It 

plays a key role in the biological system and ecosystem.  The amount of dissolved 

oxygen (DO) in rivers and oceans is an indicator of water quality.  The higher the 

DO concentration, the lower is the concentration of organic pollutants.  Oxygen 

consumption by microorganisms and aerobic cells is an important indicator on their 

metabolic activity and state of growth.  Monitoring and measurement of dissolved 

oxygen concentration in cell cultures is thus of interest for drug screening, cell 

cultivation, toxicity tests and environmental analysis.  Conventionally, the 

electrochemical Clark-type electrodes [2, 3] are used for oxygen concentration 

determination.  However, this method has several disadvantages.  The Clark 

electrode suffers from electrical interference (electrode fouling) and requires constant 

supply of oxygen as the electrode consumes oxygen during measurement [4-10].  

Besides, the electrode surface tends to be poisoned by contaminants such as proteins, 

hydrogen sulfide, halocarbon anesthetics and organic compounds [6, 10, 11].  To 

overcome these disadvantages, optical sensing technique for oxygen detection and 

monitoring have been developed since the late sixties [11-24].  Advantages of 

optical oxygen sensors over conventional electrochemical oxygen sensors include nil 
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oxygen consumption, no requirement for reference, robustness, low cost and ease of 

miniaturization.   

 

1.2.1 Luminescence-based oxygen sensors 

 

The principle of optical oxygen sensing is based on the dynamic 

luminescence quenching of luminescent dyes by oxygen.  Luminescence is a 

process that emits photons (hv) and can be classified as either fluorescence or 

phosphorescence according to the spin state of the excited state.  Fluorescence is a 

short-lived emission from the excited singlet state (S*) to singlet ground state (S0) 

with the electrons spin paired (i.e. with no change of the multiplicity).  Since this 

radiative relaxation (emission) is spin allowed, its decay time is short, usually about 

10-9 to 10-7 s.  On the other hand, the excited molecule in singlet state can change its 

spin multiplicity through intersystem crossing to the lowest excited triplet state (T*).  

When radiative relaxation occurs from T* to S0, that is phosphorescence.  This 

transition is a forbidden transition, thus phosphorescence is a long-lived emission 

with decay time about 10-5 to 10 s.  Besides, as the energy of the triplet state is less 

than that of the singlet state, phosphorescence occurs at longer wavelengths than 

fluorescence.  Furthermore, lifetime of the triplet excited state is much longer than 
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that of the singlet excited state and they are more susceptible to interact with other 

molecules.  Such interactions are known as quenching (i.e. deactivation of an 

excited state).  A substance that accelerates the decay of an excited state to a lower 

excited or ground state is called a quencher; oxygen molecule (O2) is an effective 

quencher because of its triplet ground-state nature. 

 

The oxygen molecule has two unpaired electrons in two different π* 

anti-bonding orbitals which result in a triplet ground state (T0).  It is reactive to 

chemical species because relatively little energy is needed to convert the oxygen 

molecule from the triplet ground state to the lowest excited singlet state.  However, 

this conversion is spin forbidden through light absorption.  The quenching of 

luminesecence of the excited complex by oxygen molecule is a very effective process 

because it is a spin-allowed process. 

 Luminescence: M*  M + hv 

 Quenching of luminescence: M* + O2  M + O2
*

 

Luminescence quenching can be expressed as the change in the emission 

intensity in the presence of different concentrations of quencher.  The Stern-Volmer 

equation [25] relates the emission intensity and oxygen (quencher) concentration 

together in homogeneous systems: 
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       I0 / I = 1 + KSV[O2] (1.1)

 

where I0 and I are the emission intensities in the absence of oxygen and presence of 

oxygen respectively, KSV is the Stern-Volmer quenching constant and [O2] is the 

concentration of oxygen. 

 

In the development of oxygen-sensitive dyes, polycyclic aromatic 

hydrocarbons (PAHs) and transition metal complexes are most commonly used.  In 

the early 1930’s, Kautsky et al. reported that the luminescence of organic dyes such 

as trypaflavine, benzoflavine, euchrysine 3R, rheonine 3A, rhoduline yellow, 

safranine, chlorophyll and hematoporphyrin were quenched by oxygen [26, 27].  

After that, Bergman constructed the first prototype device for oxygen monitoring 

using polycyclic aromatic hydrocarbons (PAHs) fluoranthene as sensing dye in 1968 

[12].  Then a variety of PAHs such as pyrenebutyric acid (PBA) [28], perylene 

dibutyrate [14], decacyclene, 1,12-benzoperylene, diphenylanthracene [29], pyrene 

[13] and pyrene derivatives [30] were tested as sensing materials.  A fiber optic 

probe for in vivo measurement of oxygen partial pressure by adsorbing perylene 

dibutyrate on amberlite resin beads was described by Peterson et al. in 1984 [14].  
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Even though strong quenching by oxygen was observed in PAHs, they exhibit 

absorbance maximum in the ultraviolet region with small Stoke’s shift.  They are 

also relatively photochemically unstable and suffer interference from water and 

halocarbon anesthetics [14, 31, 32].  As a result, the light source and 

instrumentation are relatively expensive. 

 

Apart from PAHs, oxygen-sensitive luminescent transition metal complexes 

have become more popular for optical oxygen sensors.  They are attractive for 

oxygen sensing because of their high luminescent quantum yield, long excited-state 

lifetime, large Stoke’s shift, strong absorption in the visible (blue-green) region and 

high thermostability and photostability.  In this way, a low cost light source such as 

blue light-emitting diode (LED) and a simple cut-off filter can be used.  Among 

various luminescent metal complexes, platinum(II) dyes, palladium(II) dyes and  

ruthenium(II) diimine complexes have received the most attention for oxygen 

sensing [33, 34].   

 

A number of platinum and palladium dyes have been used in oxygen sensing, 

these include the platinum dimer tetrakis(pyrophosphito) diplatinate(II) [Pt2(pop)4]4-  

(pop = P2O5H2
2-) [35, 36], dicyanoplatinium(II) complexes [Pt(dpp)(CN)2] and 
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[Pt(dtbpy)(CN)2] (dpp = 4,7-diphenyl-1-10-phenanthroline, dtbpy = 

4,4’-di-tert-butyl-2,2’-bipyridine) [37] and platinum / palladium porphyrins.  

Among them, platinum and palladium porphyrins were found to have very 

characteristic strong long-wave phosphorescence with visible light excitation at room 

temperature and long excited-state lifetimes (sub-millisecond).  They included 

platinum or palladium porphyrins of octaethylporphyrin (OEP), 

tetra(pentafluorophenyl)porphyrin (TFPP), octaethylporphine ketone (OEPK), 

meso-tetraphenylporphyrin (TPP), meso-tetra(2,6-dichlorophenyl)porphyrin 

(TDCPP), meso-tetra[3,5-bis(trifluoromethyl)phenyl]porphyrin (TFMPP), 

meso-tetramesityl-β-octabromoporphyrin (Br8TMP), tetrabenzporphyrin (TBP), 

meso-tetrakis(4-N-methylpyridyl) porphyrin (TMPyP) and  

meso-tetrakis(4-N,N,N-trimethylaminophenyl) porphyrin (TTMAPP) and 

Pd-meso-tetra-(4-carboxyphenyl)-porphyrin (Pd-TCPP) [21, 23, 38-49].  The best 

known example is an oxygen-sensitive paint for continuous mapping of aerodynamic 

pressure on aircrafts using Pt(OEP) developed by Kavandi et al. [39].  However, 

most common platinum porphyrins such as Pt(OEP) degrade after extended exposure 

to UV light [50].  To overcome this problem, researchers have spent much effort in 

the development of new phosphorescent platinum porphyrins.  Wong and 

co-workers reported that platinum porphyrins with halogen substituents on the 
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porphyrin macrocycles are more stable towards photochemical degradation [43].  

New platinum complexes of octaethylporphine-ketone (Pt-OEPK) were synthesized 

by Papkovsky et al. and were immobilized in polystyrene as oxygen sensing probes 

[44].  These platinum ketone-porphyrins exhibit higher photochemical stability, 

quantum yield, larger Stoke’s shift (compared to Pt-OEP) and better compatibility 

with semiconductor optoelectronics (e.g. LED) than other platinum porphyrins [44].  

Koo et al. developed fluorescent nanosensors for real-time measurements of 

dissolved oxygen inside live cells by incorporating Pt(OEP) and Pt(OEPK) into 

organically modified silicate (ORMOSIL) nanoparticles [23]. 

 

Apart from platinum / palladium porphyrins, ruthenium diimine complexes 

are another class of attractive oxygen-sensitive dyes.  Ruthenium complexes show 

intense visible light absorption that simplifies sensor design and expands the variety 

of excitation sources available.  They also tend to be thermally, chemically and 

photochemically robust which extend the sensor service life [51].  Among various 

ruthenium diimine complexes, ruthenium complexes with the ligands 2,2’-bipyridyl 

(bpy), 1,10-phenanthroline (phen) and 4,7-diphenyl-1,10-phenanthroline (dpp) have 

received much attention [11, 16, 17, 19, 22, 24, 52-94].  These dyes have high 

quantum yields of luminescence, long excited-state lifetime, intense visible light 
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absorptions and high photochemical stabilities.  The first fiber-optic oxygen sensor 

based on [Ru(bpy)3]2+ was reported by Wolfbeis and co-workers in 1986 [52].  

[Ru(bpy)3]2+ was adsorbed on kieselgel particles and dispersed into the silicone 

polymer which was brought onto the surface of a glass slide or the distal end of a 

fiber optic.  This sensor offers high sensitivity and specificity for oxygen and has 

favorable analytical wavelengths (excitation maximum: 460 nm, emission maximum: 

610 nm). 

 

After extensive studies of the photophysics and photochemistry of ruthenium 

diimine complexes immobilized in polymer films [11, 55, 56, 64, 95, 96], Demas and 

coworkers found that [Ru(dpp)3]2+ is the most attractive sensing dye.  It is due to its 

large Stoke’s shift (emission well-separated from excitation; excitation maximum: 

460 nm, emission maximum: 610 nm), high quantum yield (~ 0.5), long excited-state 

lifetime (> 5 µs) and large quenching constant.  Demas and co-worker developed a 

thin film sensor for the determination of oxygen in both gaseous and liquid samples 

by immobilizing [Ru(dpp)3]2+ in silicone rubber [11].  They applied this sensor for 

monitoring oxygen concentration in breathing studies.  Besides, Wong and 

co-workers have also found that the optical characteristics of [Ru(dpp)3]2+ depend on 

the concentration of ruthenium dye and the solvent used in the preparation of the 
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silicone rubber oxygen sensing film [17].  Recently, Demas’s group have 

constructed a portable solid-state oxygen sensor by casting a sol-gel film containing 

[Ru(dpp)3]2+ onto the surface of a blue light emitting diode (LED) for the 

determination of gaseous and dissolved oxygen [97].  Wolfbeis and co-workers 

have developed a fiber optic oxygen microsensor tip (tip diameters: 5-10 µm) for the 

measurement of oxygen gradients in a freshwater sediment core by casting a 

ORMOSIL film with [Ru(dpp)3]2+ onto the fiber optic tip [82].  Another 

luminescence-based fiber optic oxygen sensor for in situ measurement of oxygen 

consumption from intact mouse hearts was described by Zhao et al. [98].  In 

addition, a hand-held optical sensor for dissolved oxygen measurement was 

developed by Choi and co-workers [99].  This hand-held oxygen sensor was 

fabricated by dispersing [Ru(dpp)3]2+ absorbed silica gel particles in silicone rubber 

and coated onto a 580 nm long-pass filter.  The [Ru(dpp)3]2+ dye was excited by a 

blue LED and the emission intensity was captured by a silicon photodiode. 

 

1.2.2 Solid supports for optical oxygen sensors fabrication 

 

In order to prevent any reactions occurring between the luminescent dye and 

species other than oxygen in the measuring environment, luminescent dyes are 
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usually immobilized in an appropriate gas permeable polymeric materials, such as 

silicone rubber [9, 11, 17, 37, 41, 55, 67, 76, 99, 100], polystyrene [40, 45, 66, 

101-103], poly(vinyl chloride) [45, 100, 104], polymethylmethacrylate [47, 104-106], 

ion-exchange polymers [21], fluoropolymers [91, 107-112], cellulose acetate 

butyrate [47, 106] and sol-gel derived materials [19, 22, 24, 46, 57, 69, 75, 82, 84, 87, 

93, 94, 100, 113-122].  The gas permeable polymer matrix acts as a rigid solid 

support which also provides protection for the sensing dyes and discriminates the 

entrance of analyte molecules to the sensing film.  For the choice of polymer, it is 

necessary to consider the structural property, stability, optical property, chemical 

inertness and permeability to oxygen.  For example, the strong hydrophobic nature 

of silicone rubber can lead to solubility problems with ionic inorganic complexes 

such as [Ru(dpp)3]2+ which display poor solubility in silicone rubber [67].  On the 

other hand, poly(vinyl chloride), polymethylmethacrylate and cellulose acetate 

butyrate films are usually plasticized with dioctyl phthalate or tributyl phosphate to 

improve oxygen permeability and response [8, 47].  However, these plasticizers can 

leach out from the polymers and are a potential source of contamination.  Recently, 

interest in the application of sol-gel for sensor fabrication is increasing as sol-gel 

materials have distinct advantages over the aforementioned polymers.  The sol-gel 

process is a low temperature (room temperature) process and provides materials with 
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high homogeneity and purity.  Typical desirable properties of  sol-gel materials 

include high surface area, tunable porosity, complete transparency from visible light 

to the near ultra-violet, tunable shapes, relatively low cost and good chemical, 

photochemical and thermal stability [19, 82, 94, 115, 123-125]. 

 

The sol-gel process is a versatile solution process for making advanced 

materials, including glass-like or ceramic materials and organic-inorganic hybrids.  

In general, the sol-gel process involves the transition of a solution system from a 

liquid “sol” (colloidal suspension of small particles) into a solid “gel” phase (rigid 

porous network) [126] and this transition includes three steps: hydrolysis, 

condensation and polycondensation.  For the preparation of sol-gel materials, the 

most popular precursor is liquid silicon alkoxide such as tetramethoxysilane (TMOS).  

This precursor undergoes hydrolysis by mixing with water in the presence of acid 

catalyst.  The hydrolysis reaction is shown below which results in the formation of 

silanol groups (Si-OH): 

 

Si

OCH3

OCH3

OCH3

H3CO H+
+ 4H2O Si

OH

OH

OH

HO + CH3OH4
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Next, the silanol groups of hydrolyzed TMOS will undergo condensation to give an 

oligomer: 

 

 
Si

OH

OH

OH

HO Si

OH

OH

OH

HO+ Si

OH

O

OH

HO Si

OH

OH

OH + H2O
 

 

and / or 

 

 HO Si

OH

OCH3

OH

Si

OH

OH

OH

HO+ Si

OH

O

OH

HO Si

OH

OH

OH + CH3OH

 

Finally, networks of Si-O-Si linkages undergo subsequent polycondensation to form 

a three-dimensional silica network.  The sol-gel can be cast into desired forms by 

allowing the sol-gel solution to solidify in an appropriately shaped vessel, e.g. vial 

[124].  Optical oxygen sensors in forms of thin films, small particles, or fiber optics 

can also be made using the sol-gel method.  However, the sensitivity of sol-gel 

oxygen sensors based on pure precursor (silicon alkoxide) is rather poor in aqueous 

systems due to its poor oxygen permeability [82, 122]. 

 

Therefore, another group of precursors, organically modified silicate 
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(ORMOSIL), was introduced which resulted in better properties than those prepared 

solely from TMOS.  ORMOSILs are inorganic-organic hybrid materials in which 

organic fragments are built into the silicon-oxide network [127].  The ORMOSIL 

precursors are usually substituted with nonhydrolizable alkyl group(s) which act as a 

network modifier that terminates the silicate networks and provides the desired 

properties for a range of applications.  The ORMOSIL precursors commonly used 

are methyltriethoxysilane (MTEOS) [19, 116, 128-130], ethyltriethoxysilane 

(ETEOS) [130], methyltrimethoxysilane (MTMOS) [75, 94, 115, 129, 131], 

phenyltrimethoxysilane (Ph-TMOS)  [131-135], dimethoxy dimethylsilane 

(DiMe-DMOS) [88, 131], diethoxydimethylsilane (DEDMS) [136, 137] and 

diphenyldimethoxysilane (DiPh-DMOS) [131].  ORMOSIL materials provide 

advantages such as high flexibility, high surface area and low shrinkage over 

inorganic gels which help to prevent cracking, increase hydrophobicity and improve 

film adhesion to its support [117, 123].  The addition of alkyl group increases the 

hydrophobicity and porosity of the matrix, resulting in an improved linearity of 

Stern-Volmer plot and sensitivity of the oxygen sensor [22-24, 88].  Besides, 

ORMOSIL-based oxygen sensing films avoid the penetration of water into the matrix 

and enhance the diffusion of gases (i.e. partition co-efficient) [82, 123].  For 

example, when silicon alkoxide is mixed with ORMOSIL, the condensation reaction 

 17



will be terminated by the presence of nonhydrolizable alkyl groups. 

 

 

Si

OH

OH

OH

HO + Si

OH

OH3C

CH3

Si

OH

O

OH

Si

OH

CH3

CH3

Si

OH

CH3HO

CH3

+2 H2O

 2
 

 

 

 

As the alkyl groups can terminate the condensation process, the degree of 

cross-linking is reduced resulting in an improvement in brittleness and porosity of 

the films.  During polycondensation, the strength of the gel (viscosity) will be 

increased.  The ORMOSIL film is obtained finally after the drying process, after the 

solvents (water and alcohol) have been removed from the interconnected pore 

network and a sol-gel film with three-dimensional network is formed.   

 

In addition, monomers (precursors) containing an easily derivatized moiety 

such as amino-, vinyl-, epoxy-, or mercapto- group can be used to prepare readily 

derivatized sol-gels.  These can be subsequently used as covalent anchors for 

specific chelating agents, redox mediators, or photometric reagents [123]. 
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For the fabrication of oxygen sensors, the oxygen-sensitive dye is usually 

added to the “sol” solution and then dried as “gel”.  In the sol-gel film, dyes are 

entrapped inside the pores of the matrix and analytes such as oxygen gas are usually 

small enough to diffuse into these pores and interact with the sensing dyes.  

 

1.2.3 Sol-gel-based optical oxygen sensors 

 

For the development of optical oxygen sensors, a widely used approach is the 

immobilization (entrapment) of oxygen-sensitive dye into a suitable matrix followed 

by interconnection of this solid (i.e. film) to a transducer [126].  Sol-gel derived 

materials are comparatively better than many organic polymers as matrix for 

immobilization because of their higher stability, optical transparency, flexibility and 

gas permeability [123, 138, 139]. 

 

The application of sol-gel materials in optical oxygen sensing has gained a lot 

of attention recently [18, 19, 22-24, 46, 57, 61, 62, 69, 71, 73-75, 81-83, 87, 88, 93, 

94, 97, 113-118, 121, 140-150].  Liu et al. first reported the optical fiber oxygen 

sensors fabricated by immobilizing platinum octaethylporphine (PtOEP) in different 

sol-gel coatings and studied the oxygen permeability of the sol-gel coatings [140].  
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After that, extensive work in the development of sol-gel-based optical oxygen 

sensors have been carried out by MacCraith’s group.  They first fabricated an 

optical oxygen sensor by coating an optical fiber with a cage-like structure sol-gel 

(TEOS) film in which [Ru(dpp)3]2+ was entrapped [57].  At a later stage, they also 

developed a LED-based oxygen sensor [69].  In that sensor, the length of the fiber 

optic had been enlarged and a low cost, stable blue LED was used as the excitation 

light source.  Later, they developed ORMOSIL oxygen sensing film coated on glass 

slide for dissolved oxygen measurement [19].  The organically modified precursor 

MTEOS was used to improve the surface hydrophobicity of the sensing film and the 

sensitivity was increased by a factor of more than 3.5.  On the other hand, Murtagh 

and Shahriari also studied the effects of organic modification on the behavior of 

ORMOSIL oxygen sensors based on [Ru(dpp)3]2+ [75].  They concluded that the 

improved sensitivity of ORMOSIL films could be attributed to the increasing oxygen 

diffusivity in the more hydrophobic organically modified silicate (ORMOSIL).  

One year later, McCulloch and Uttamchandani described a highly miniaturized 

sol-gel-based fiber optic oxygen sensor [118].  This technology is based on the use 

of submicron fiber optic tips (0.1 – 1 µm) with [Ru(phen)3]2+ immobilized in TEOS 

sol-gel on the end surface.   
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The first sol-gel-based optical nanosensor, or sol-gel probe encapsulated by 

biologically localized embedding (PEBBLE) for real-time measurement of 

subcellular molecular oxygen was reported by Xu et al. in 2001 [121].  The 

spherical sol-gel PEBBLE sensors were made by the incorporation of [Ru(dpp)3]2+ 

into TEOS spheres of radii 50 to 300 nm.  The sol-gel PEBBLEs were inserted in 

rat C6 glioma cells for real-time intracellular oxygen analysis.  Furthermore, 

another PEBBLE nanosensor (average diameter: about 120 nm) was developed by 

Koo et al. for dissolved oxygen measurement using organically modified silicate  

nanoparticles as a matrix to entrap the oxygen-sensitive dyes Pt(OEP) or Pt(OEPK) 

[23].  The ORMOSIL nanoparticles were prepared via a sol-gel-based process, 

which included the formation of core particles with phenyltrimethoxysilane 

(Ph-TMOS) followed by the formation of a coating layer with 

methyltrimethoxysilane (MTMOS).  PEBBLEs were injected in rat C6 glioma cells 

to monitor the in vitro intracellular changes of dissolved oxygen.  On the other hand, 

oxygen-sensitive sol-gel particles (160 – 200 mesh) for oxygen monitoring in organic 

solvents have been prepared by Garcia et al. by mixing TEOS, TMOS and 

MTMOS-based materials with [Ru(bpy)3]2+ [94].   

 

Apart from sensitivity, ease of calibration is another important parameter for 
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an ideal oxygen sensor.  When oxygen-sensitive dyes are immobilized in a 

polymeric matrix (heterogeneous microenvironment), the Stern-Volmer equation (1.1) 

generally will not be obeyed and the plot will become nonlinear with downward 

curvature [10, 11, 19, 36, 55, 57, 64, 73, 75, 79, 81-83, 86, 88, 93, 97, 116, 117, 119, 

121, 129, 140, 144, 151-153].  Several models have been proposed and factors such 

as oxygen solubility in polymer, adsorption of gas in polymer microcavities and 

microheterogeneity of the dye molecules inside the polymer environment were 

suggested to account for the nonlinearity of the calibration curve [36, 95, 151].  The 

nonlinear Stern-Volmer plot prevents a simple two-point calibration for these oxygen 

sensors.  Recently, several researchers discovered that a linear Stern-Volmer plot 

could be obtained for certain oxygen sensors made of ORMOSIL materials [22, 24, 

88].  This promising finding opens a door to simple two-point calibration of optical 

oxygen sensors [22, 24] and it further encourages the development of sol-gel-based 

optical oxygen sensors in the scientific community.  
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1.2.4 High-throughput oxygen sensors 

 

There is a rapid increase of interest in multi-analyte and multi-sample sensing 

in environmental analysis as well as in high-throughput screening of drugs and the 

technology for high-throughput screening is evolving rapidly [154].  Modification 

of microtiter plates is a common way to fabricate sensors for high-throughput 

specific analysis.  Wodnicka et al. firstly developed a fluorescent “Oxygen 

BioSensor” using microtiter plates as the high-throughput platform for real-time 

dissolved oxygen measurement [155].  This oxygen sensor was fabricated by 

adsorbing [Ru(dpp)3]2+ onto silica gel and then immobilized into water-based 

silicone rubber applied onto the bottom of microtiter plate.  Later, this oxygen 

sensor was commercialized by Becton Dickinson (Franklin Lakes, USA) as BD™ 

Oxygen Biosensor System [156].  The BD™ Oxygen Biosensor System allows 

instantaneous detection of oxygen levels without the need for additional reagents or 

steps.  Another similar commercially available oxygen measuring plate is the 

OxoPlate® from Precision Sensing Gmb (Regensburg, Germany).  The OxoPlate® 

was fabricated by immobilizing small polystyrene particles incorporated with 

platinum porphyrin at the bottom of microtiter plate.  In both types of oxygen 

biosensors, the oxygen calibration curves are nonlinear. 
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Wolfbeis and co-workers have further modified the microtiter plate as optical 

sensors for multi-analyte sensing of oxygen, temperature, pH and carbon dioxide 

[157].  They prepared different sensing films by mixing the dyes with polystyrene 

and then spread onto a transparent polyester support.  After evaporation of solvent, 

the optical sensing films were punched into spots (7 nm i.d.) and fixed to the bottom 

of microtiter plate wells.  The luminescence was measured through the transparent 

bottom of the microtiter plate by a CCD camera.  The microtiter plate equipped 

with sensor spots is capable of mapping different parameters and analyte gradients 

simultaneously.   

 

Bright and Cho [85] reported a simple integrated array format that uses 36 

microwells machined directly onto a LED surface of 5 nm diameter.  To illustrate 

the potential of this approach, they filled individual microwell with a sol-gel material 

doped with [Ru(dpp)3]2+.  The LED optical output was used to excite the 

[Ru(dpp)3]2+ immobilized within the microwell-entrapped sol-gel directly.  They 

termed this new sensor scheme an optical sensor array and integrated light source 

(OSAILS). 
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Bright and co-workers also described a photonically based 

chemical-responsive sensor array (CRSA) with a radioluminescent (RL) light source 

for multielemental sensing [150].  The RL light source comprised of a strontium-90 

(90Sr) radionuclide plastic scintillator in which a blue light (λmax 435 nm) was 

generated which excites the analyte-responsive luminophores within the CRSA.  A 

5 x 5 multielement array of the size 18 mm x 18 mm was used for oxygen sensing.  

The sensor array was prepared by coating [Ru(dpp)3]2+-doped sol-gel with a 200 µm 

diameter solid tungsten pin onto a glass microscope cover slip. 
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1.3 Biosensors Based on Optical Sensing of Oxygen 

 

As oxygen is an important physiological parameter, measuring oxygen 

concentration together with an appropriate biological component is a convenient way 

to fabricate biosensors.  The use of optical oxygen sensors allows the fabrication of 

biosensors for high-throughput analysis and multi-analyte determination with cells 

and their effectors [158].   

 

Wolfbeis and co-workers were the first to report the use of an optical oxygen 

sensor for the determination of glucose concentration.  In this biosensor, glucose 

oxidase (GOx) was immobilized on an oxygen sensing film prepared by entrapping 

[Ru(phen)3]2+-adsorbed silica gel into silicone matrix.  In between the enzyme layer 

and the oxygen sensing film, a layer of carbon black was used to prevent optical 

interference from ambient light and sample.  The decrease in oxygen concentration 

during the enzymatic oxidation of glucose by GOx gives an indirect indication of 

glucose concentration.  Later on, Rosenzweig and Kopelman miniaturized the fiber 

optic glucose biosensor to micrometer scale [159, 160].  The fabrication of this 

biosensor was based on a methodology first suggested by Li and Walt [161].  In that 

micrometer sized biosensor, glucose oxidase was immobilized in an acrylamide 

 26



polymer in contact with the oxygen sensing layer in which [Ru(phen)3]2+ was the 

sensing material.  On the other hand, Papkovsky and co-workers reported a 

flow-through glucose biosensor system [162], in which the sensor membrane was 

positioned in a compact integrated flow-through cell.  The GOx was immobilized 

either directly on an oxygen sensor membrane or in controlled-pore glass in a 

microcolumn reactor.  The biosensor can be used in real-time continuous 

monitoring of glucose concentration.  More recently, Wang et al. reported the use of 

BD™ Oxygen Biosensor System (OBS) for high-throughput detection of non-human 

primate and hum islets oxygen consumption rates in response to different glucose 

concentrations [163].  The oxygen consumption rates of islets were measured by the 

OBS in the microwells where islets were cultured with different glucose 

concentrations and the dissolved oxygen concentrations were monitored kinetically.  

This high-throughput methodology provided an in vitro means to rapidly and 

robustly assess the functional viability of an islet preparation prior to clinical 

transplantation. 
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1.3.1 Biochemical oxygen demand (BOD) biosensors 

 

The amount of municipal and industrial effluents is increasing as the world’s 

population and industrialization grow.  This results in an increase of organic matters 

in wastewater and freshwater.  Therefore, rapid analysis and monitoring of 

pollutants are important for environmental protection [164].  Biochemical oxygen 

demand (BOD) is an important and widely used parameter in the measurement of 

biodegradable organic compounds and pollutants in water.  It can be used to 

evaluate the efficiency of wastewater treatment processes.  BOD is a measure of the 

quantity of dissolved oxygen (mg l-1) consumed by microorganisms during the 

decomposition of organic matters in aqueous samples.  The 5-day BOD test (BOD5) 

is a conventional method adopted by the American Public Health Association and 

has been the standard method since 1936 [165].  To determine the BOD5 for a 

wastewater sample, the water sample was first diluted with water containing a 

mixture of minerals and nutrients and a small quantity of microorganisms.  The 

dissolved oxygen (DO) concentration of the sample is determined immediately by a 

DO probe or by Winkler titration, and the diluted samples are then incubated in dark 

at 20°C for 5 days.  The uptake of organic wastes by microorganisms as food for 

growth and reproduction would consume the oxygen present in the sample.  At the 
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end of the incubation period, the residual DO is determined.  The BOD of 

wastewater samples can be calculated by equation 1.2.   

 

BOD5 (mg l-1) = [(DOinit – DOfinal) – R(Sinit – Sfinal)] / F (1.2)

 

where 

DOinit = initial dissolved oxygen concentration; 
DOfinal = final dissolved oxygen concentration (after 5 days’ incubation); 
Sinit = initial dissolved oxygen concentration in seed control before 

incubation; 
Sfinal = final dissolved oxygen concentration in seed control (after 5 

days’ incubation); 
R = seed volume ratio (v/v), seed in each sample to seed in seed 

control; and 
F = dilution factor, expressed as a decimal. 

 

The ratio F can be calculated by equation 1.3: 

F = volume of sample / total volume (sample and dilution water) (1.3)

 

Even though BOD5 is a good indicator of the concentration of organic matters 

in water, the conventional BOD5 test involves cumbersome procedures and a 5-day 

incubation period and requires substantial experience and skill of the operator to get 

reproducible results, and is unsuitable for on-line monitoring of organic pollutants 

[166].  Therefore, optical microbial BOD sensors have been developed for remote, 

rapid, reliable and reproducible determination of BOD. 
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The principle of the optical BOD biosensor is based on the measurement of 

oxygen uptake by microorganisms as a result of the biodegradation of metabolizable 

organic matters.  When the microorganisms degrade the biodegradable organic 

matters, their respiration rate increase which results in the consumption of dissolved 

oxygen from the sample solution.  The rate of oxygen uptake (oxygen consumption 

rate), which is measured or monitored using an optical oxygen sensor, is proportional 

to the concentration of the organic substances. 

 

The first optical BOD biosensor for BOD determination was described by 

Wolfbies and co-workers in 1994 [167].  The BOD biosensor was constructed by 

coating different layers onto the tip of an optical fiber.  The layers are placed in 

order on an optically transparent gas-impermeable polyester support.  The first layer 

on the polyester support was an oxygen sensing layer prepared by dispersing 

[Ru(dpp)3]2+ in plasticized poly(vinyl chloride).  A microbial layer with the yeast 

Trichosporon cutaneum in polyvinyl alcohol was then placed on top of the oxygen 

sensing layer.  Finally, the microbial layer was covered by a substrate- permeable 

polycarbonate membrane to retain the yeast cells.  The BOD values estimated by 

this new biosensor correlated well with those determined by the conventional BOD5 
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method. 

 

In the same year, a scanning optical BOD sensor has also been developed by 

Wong and co-workers [60].  The sensing element is a silicone rubber film entrapped 

with [Ru(dpp)3]2+.  The sensing films were attached to the bottom of transparent 

glass vials in which dissolved oxygen was measured.  A scanner head with four blue 

LEDs as the excitation light source and a fiber optic connected to the PMT detector 

was used to collect the signal from the sensing film inside the BOD vials.  

Therefore, one optical scanner can be used to monitor the dissolved-oxygen 

concentration in a number of vials in one batch.  The main advantage of this sensor 

is its capability of measuring several of BOD samples within the same period of time.  

This sensor has been further improved with immobilized microbial films recently 

[166].  The oxygen sensing film and the microbial film were immobilized on the 

bottom of glass sample vials.  The microorganisms were immobilized in a sol-gel 

composite material of silica and poly(vinyl alcohol)-grafted-poly(vinylpyridine) on 

the oxygen sensing film.  The BOD values were determined from the rate of oxygen 

consumption by the microorganisms and correlated well with the results of the 

conventional 5-day BOD test. 
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An optical fiber biosensor was developed for the measurement of low BOD 

values by Karube and co-workers [168].  This BOD sensor used a commercial 

optical oxygen sensor as a transducer which measured the luminescence quenching 

by oxygen.  Good correlation was obtained between the sensor responses and BOD5 

values. 

 

Wong and co-workers described an ORMOSIL-based fiber-optical microbial 

sensor for determination of BOD in 2003 [169].  In this BOD sensor system, the 

sensing film consisted of a [Ru(dpp)3]2+-entrapped ORMOSIL layer and a microbial 

layer with microorganisms immobilized in a PVA/sol–gel matrix.  The BOD 

measurement was performed in a batch mode in which the BOD sensing film was 

placed the bottom in an air tight detection cell and the oxygen consumption by the 

microorganisms was monitored by the change in luminescence intensity.  The 

results showed a linear relationship between the rate of change of luminescence 

intensity and the BOD values.     

 

1.3.2 Applications of microplates with optical oxygen sensors 

 

Since the level of dissolved oxygen in an assay medium correlates to the 
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number and viability of the cells in the medium, microtiter plates with optical oxygen 

sensors are ideal for monitoring cell viability and proliferation.  The technology is 

particularly well suited to investigate cells’ kinetic responses to proliferative or toxic 

stimuli such as drugs [155].  For example, the BD™ Oxygen Biosensor System has 

been used to determine IC50 values of toxic substances on living cells by monitoring 

the change in dissolved oxygen concentration in the presence of various 

concentration of toxic substances [155].  In addition, John et al. reported the use of 

microtiter plate integrated with optical dissolved oxygen sensors for microbial 

cultivation monitoring [90].  Recently, other applications such as determination of 

microorganism growth rates [170, 171], characterization of antibacterial compounds 

[172], quantitative analysis of metabolic network [173], cell viability assays [174], 

cell culture medium optimization [175] and cytotoxicity assays [176] have been 

reported. 

 

Papkovsky’s research group has used another approach to fabricate optical 

oxygen sensors on microtiter plates.  They inserted a disposable phosphorescent 

oxygen sensing membrane into the microwells of microtiter plates to monitor the 

respiration of yeast cells [177].  The oxygen sensing membrane was prepared by 

adsorbing the oxygen-sensitive dye, Pt(OEPK), in a mixture of polystyrene and ethyl 
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acetate on a filter membrane which was then cut into disks of the same diameter as 

the microwells and inserted into the microwells.  However, such disposable sensor 

cannot be reused and liquids can be easily trapped between the sensing membrane 

and the bottom of the well.  They have also described water-soluble oxygen probes 

in microtiter plate for dissolved oxygen determination and cell viability screening 

assay [178].  The oxygen probe (PtCP-BSA) was prepared by labeling bovine 

serum albumin (BSA) with oxygen-sensitive platinum porphyrin derivative (PtCP).  
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1.4 High-Throughput Luminescence-Based Biosensors for Studying 

Carbohydrate-Protein Interaction 

 

1.4.1 Carbohydrate-lectin interactions 

 

Carbohydrate-protein interactions that involve specific protein-linked 

oligosaccharides and their complementary binding proteins are known to be directly 

involved in numerous important biological processes.  These interactions take place 

in cells, on the cell surface, in the extracellular matrix or in secretions.  They 

participate in the folding of nascent proteins in the endoplasmic reticulum, the 

targeting of newly synthesized lysosomal enzymes to their correct destination, the 

recruitment and activation of cells in mechanisms of inflammation, and the adhesion 

of microbes to host cells [179].  The identification of oligosaccharide ligands and 

proteins that recognize them (carbohydrate-protein interaction) has been achieved 

using various biochemical and cell biological approaches, and has often involved 

many years of research.  There is a need for sensitive, high-throughput technologies 

that perform analyses of carbohydrate-protein interactions.  Microarray approaches, 

analogous to those developed for DNA [180] and proteins [181], are ideal to address 

this need.  In the development of these carbohydrate microarrays, 
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carbohydrate-lectin interactions are often employed to demonstrate and test the 

technology as they are a relatively simple and well-characterized class of 

carbohydrate-protein interactions. 

 

Lectins are sugar-binding proteins or glycoproteins of non-immune origin; 

they do not have enzymatic activity towards sugars to which they bind and do not 

require free glycosidic hydroxyl groups on these sugars for their bindings [182].  

Lectins have at least one binding site which can bind free or glycosidically linked 

carbohydrates.  Lectins do not have immunoglobulin structure [182].  Most of the 

lectins recognize just a few natural monosaccharides such as mannose, glucose, 

galactose and fucose while these monosaccharides are typical constituents of animal 

glycoconjugates and are also present on surfaces of cells, including erythrocytes 

[183].  Hemagglutination (agglutination of erythrocytes) is routinely employed for 

detection of lectins.  The agglutinating and precipitating activities of lectins are 

similar to those of antibodies.  They can likewise be specifically inhibited by low 

molecular weight compounds such as haptens, which in the case of lectins are sugars 

or sugar-containing ones.  Therefore, many of the methods used in lectin research 

are based on immunochemical techniques but lectins are not capable of an immune 

response.   
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Stillmark was the first to describe the activity of lectin in 1888 [184].  He 

described the agglutinating properties of a toxic protein called ricin, which can be 

extracted and partially purified from castor seeds (Ricinus communis).  He tested its 

effect on erythrocytes, liver cells, leukocytes and epithelial cells and noted that 

erythrocytes from different species reacted in different ways.  Three years later, 

Hellin described the agglutinating and serum-properties of a toxic extract of jequirity 

seeds (Abrus precatorius), abrin [185].  Lectins are found in plants, viruses, 

microorganisms and animals and the detailed information is discussed in a review by 

Kocourek [185].  Most of the lectins used in lectinology (research in lectins) in the 

earlier stage are plant lectins as they can be easily isolated and the sources (seeds) are 

easily available.  After discovery of ricin and abrin, the father of modern 

immunology, Paul Ehrlich, recognized the value of abrin and ricin as antigenic model 

substances and carried out a number of experiments that established the fundamental 

concepts of immunology in 1891 [185].  He reported that rabbits fed with small 

amounts of jequirity seeds developed a certain degree of immunity against abrin.  

The anti-abrin found in serum of rabbit could neutralize the activity of abrin but not 

that of ricin and vice versa. His experiments demonstrated the antigen-antibody 

reaction. 
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On the investigation of lectins as recognition molecules, Boyd described 

blood group specificity of lectins in 1945 [185].  He discovered that certain seeds 

contain agglutinins that are specific for some human blood group antigens.  The 

principle of agglutination is the multivalent lectin bound to cell surface 

carbohydrates and cross-linked the cells.  Over 100 blood group-specific lectins 

were discovered between 1945 and 1964.  For example, tufted vetch seeds (Vicia 

cracca) contain agglutinins which bind A antigen more strongly than B or O antigens; 

agglutinins from Bandeiraea simplicifolia bind B antigen and agglutinins from gorse 

seeds (Ulex europaeus) bind O antigen [185].  Moreover, lectins can be a tool for 

cancer research based on analysis of cell surface carbohydrates of normal and 

malignant cells.  Aub discovered that certain types of malignant cells are more 

readily agglutinated by lectins (known as wheat germ agglutinin (WGA)) than the 

corresponding normal cells in 1963 [183].  It is because the carbohydrate expression 

and glycosylation patterns on cellular surfaces of cancer cells are commonly 

modified [186]. 

 

Since the late 1980s, research on lectins in biology and medicine has shifted 

from plant to those on animals and bacteria, especially on the biological significance 
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of their interactions with carbohydrates [187].  Animal lectins can be divided into 

two main families: S-type lectins and C-type lectins.  S-type lectins (also known as 

galectins) are soluble in the absence of surfactants and usually β-galactose-specific 

while C-type lectins (subfamilies: selectins and collectins) are Ca2+ dependent 

(requiring Ca2+ for activity) and exhibit different carbohydrate specificities.  The 

first animal lectin was identified in 1982 and they were found on all cell-surface 

membranes.  This sparked the interest in the wider roles of carbohydrates and 

lectins within biological systems [188].  Lectins produced by microorganisms and 

bacteria are commonly called microbial lectins and bacterial lectins.  These 

microbial and bacterial lectins play an important role in initiation of viral and 

microbial infections by mediating adhesion to host cells as they bind readily to 

saccharide sequences of cell-surface glycoproteins and glycolipids [187].  Now, it is 

known that the attachment of bacteria via their surface lectins to cell surface sugars is 

a prerequisite for the initiation of bacterial infection [189].  For example, influenza 

virus hemagglutinin (surface lectin of influenza virus) can initiate the infection by 

attachment of the virus to the target cells via binding to sialic acid-containing 

carbohydrates on the surface of the cells [190].  This results in fusion of the viral 

and cellular membranes allowing release of the viral genome into the cytoplasm and 

subsequent replication.  Therefore, the studies of sialic acid-hemagglutinin 
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interactions provide a possible basis for the design of antiviral drugs that would 

block viral attachment to cells [190].  Lectin-based immunosensor techniques have 

been routinely used for identifying pathogen and viral species expressing particular 

carbohydrates on their surface.  On the other hand, it was found that suitable 

monosaccharides, oligosaccharides, synthetic or natural carbohydrate derivatives can 

inhibit the binding of a large number of viral, bacterial and protozoan pathogens to 

carbohydrate structures of glycoproteins or glycolipids present on epithelial and 

other cells as the derivatives have a high affinity for the bacterial lectins [188, 189].  

As a result, carbohydrate-lectin interactions play an important role in various 

biological functions, such as cell-cell recognition, adhesion, and communication and 

this type of interaction is attracting increasing interests in applications such as drug 

delivery systems [191, 192] and drug design.   

 

1.4.2 Recent development on high-throughput carbohydrate sensors for 

carbohydrate-protein interaction studies 

 

As lectins exhibit strong binding to specific carbohydrate moieties (glycans), 

this property has been extensively exploited as a basis for biosensor design and has 

been employed as a platform for the extraction and analysis of various proteins [186], 
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drug discovery, diagnosis and glycomics (the study of full complements of 

carbohydrates in cells, tissues or organisms) [193].  In most of these applications, 

carbohydrates are immobilized on solid support and functioned as recognition 

elements followed by generation of measurable signals.  In the recent development 

of carbohydrate sensors, it was focused on fabrication of high-throughput 

carbohydrate sensors (microarrays) as a tool for rapid analysis of 

carbohydrate-protein interactions. 

 

High-throughput carbohydrate sensors (microarrays) are newly developed 

tools for carbohydrate-protein interaction studies, the first carbohydrate microarray 

was introduced in 2002 by Wang et al. [194].  There are two methods applied in the 

immobilization of carbohydrates on surfaces: non-covalent and covalent attachment.  

In 2002, Wang et al. described a carbohydrate-based microarray for biomedical 

research on carbohydrate-mediated molecular recognition and anti-infection 

responses [195].  They immobilized carbohydrate antigens (dextrans) including 

most known human microbial pathogens, autoantigens, and tumor-associated 

antigens on a nitrocellulose-coated glass slides without chemical conjugation by a 

high-precision robot which was designed to produce cDNA microarrays.  The glass 

slides were then incubated at room temperature with anti-carbohydrate antibodies 
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and followed by secondary fluorescent antibodies.  Finally, the stained slides were 

scanned for fluorescent signals.  The microarray developed by Wang et al. 

demonstrated the carbohydrate-binding specificity of antibodies and other proteins.  

For example, α(1,6)-glucose linkages (found in dextrans) could be detected by 

α(1,6)-glucose specific 4.3F1 antibody.  However, the attachment of 

oligosaccharides with higher molecular weight was better than the lower one. 

 

Another carbohydrate array prepared by non-covalent attachment for 

high-throughput detection and specificity assignments of carbohydrate-protein 

interactions was introduced by Feizi and co-workers [196].  They made the arrays 

by non-covalent immobilization of oligosaccharides, glycosaminoglycans and 

oligosaccharide fractions from brain on nitrocellulose membranes.  Their results 

obtained from the arrays revealed some new findings such as a relative abundance of 

the Lewisx sequence based on N-acetyllactosamine in human brain recognized by 

anti-L5, and a paucity of the Lewisx sequence based on poly-N-acetyllactosamine 

recognized by anti-SSEA-1.  

 

On the other hand, Chi-Huey Wong’s research group constructed 

non-covalent arrays of oligosaccharides on polystyrene microtiter plates and used 
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them for high-throughput analysis of carbohydrate-protein interactions [197-199].  

They have synthesized a series of hydrophobic group-linked carbohydrates for 

non-covalent binding to microtiter plates through hydrophobic interaction with the 

polystyrene surface [197].  Their results showed that monosaccharides linked to the 

saturated hydrocarbon between 13 to 15 carbons in length could be retained after 

aqueous washing.  Furthermore, they applied 1,3-dipolar cycloaddition reaction 

(between azides and alkynes) to attach an azido group-containing carbohydrate 

in-situ to an alkyne-containing C14-hydrocarbon hydrophobically adsorbed on the 

microtiter plates as shown in Figure 1.4 [198].  The lectin-binding assays had been 

performed with the functionalized plates.  Several carbohydrates with various types 

and linkages of a terminal sialic acid were immobilized on microtiter plates and 

screened with fluorescein-labeled Sambucus nigra lectin (SNA).  Moreover, studies 

on the inhibition of a biotransformation (biosynthesis of sialyl Lewisx via the 

enzymatic fucosylation) had been carried out and the IC50 value of a known inhibitor 

was determined by these arrays.  In addition, they introduced another 

immobilization technique, urea bond linkage, to immobilize carbohydrates on 

microtiter plates [199].  The microarray was prepared by mixing tetradecyl 

isocyanate (isocyanate-containing C14-hydrocarbon) and 

2-aminoethyl-β-D-galactopyranoside (amine-containing carbohydrate) in microwell 
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of microtiter plate and was shown in Figure 1.5.  This transformation is clean, quick 

and coupling reagent-free [199].  The lectin-binding assay was performed using 

fluorescein-labeled galactose-specific lectin and the lectin responded in a 

concentration dependent manner to the galactose as they expected. 

 

 

 44



 

 

 

HN
O

O

N3

O

OH

OHOH

HO

O

O

OH

OHOH

HO

N
N

N

HN

O

 

 

 

 

 

Figure 1.4 Non-covalent immobilization of carbohydrate by 1,3-dipolar 

cycloaddition on microtiter plate [198]. 
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Figure 1.5 Non-covalent immobilization of carbohydrate by urea formation on 

microtiter plate [199]. 
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Apart from non-covalent immobilization of carbohydrates on substrate, the 

most widely used method is covalent immobilization.  Carbohydrates covalently 

linked to substrate could give a defined and uniform orientation and enhance the 

accessibility of the carbohydrates toward binding [200].  Mrksich and Houseman 

developed arrays of monosaccharides by covalent attachment to gold surface for the 

characterization of carbohydrate-protein interactions [201].  The monosaccharides 

were covalently bound to gold surface via the Diels-Alder cycloaddition between 

carbohydrate-cyclopenta-diene conjugates and benzoquinone-containing gold surface 

as shown in Figure 1.6.  They performed the lectin binding tests and IC50 value 

determination by the carbohydrate arrays.  Their results obtained from the arrays 

showed that the mannose- and glucose-specific lectin concanavalin A (ConA) bound 

only to mannose, glucose and N-acetylglucosamine on the arrays and did not bind to 

other carbohydrates.   

 

 

 47



S

O

O

O

O

O

OH

S

O

O

O

O

O

HO

S

O

O

O

O

O

OH

S

O

O

O

O

O

O

O

O

O

Au
S

O

O

O

O

O

OH

S

O

O

O

O

O

HO

S

O

O

O

O

O

OH

Au

O

O

O

O

O
O

O
N

O

S

O

O

O

O

O

O

O

HO

H

Carbo-Cp

HO

H

O

O
N

O

O
O

O
Carbo-Cp =

 

Figure 1.6 Carbohydrate immobilized on a benzoquinone-containing gold surface via 

the Diels-Alder cycloaddition [201]. 
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Another approach had been employed by Mrksich’s group and Seeberger’s 

group.  They immobilized thiol-functionalized carbohydrates on 

maleimide-functionalized self-assembled monolayers (on gold surface deposited in 

glass slide) [202] or maleimide-functionalized glass slides [203-206].  Mrksich and 

co-workers reported a carbohydrate array by immobilizing carbohydrate-thiol 

conjugates to self-assembled monolayers of alkanethiolates presenting maleimide 

groups on gold (SAMs) and the lectin binding properties of the substrates were 

examined [202].  The fabrication was based on the reaction between the maleimide 

group present in the monolayers and thiol-terminated carbohydrate as shown in 

Figure 1.7.  The arrays had been examined for lectin binding and tyrosine kinase 

activity assays.  In the lectin binding study, the results showed that each of the 

lectins associated specifically with its corresponding carbohydrate on the array.   

 

Seeberger’s research group reported carbohydrate arrays on 

maleimide-functionalization glass slides and their applications in HIV study [203, 

204], pathogen detection [205] and antibiotic study [204].  One of the carbohydrate 

arrays was fabricated by immobilizing thiol-functionalized carbohydrates on 

maleimide-functionalized glass slide [203, 206].  Another one was prepared by 

spotting amino-functionalized carbohydrates onto glass slides that had been 
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functionalized with the amine-reactive homobifunctional disuccinimidyl carbonate 

linker [204, 205]. 

 

Furthermore, Shin and co-workers prepared carbohydrate microarrays by 

covalent attachment of maleimide-linked carbohydrates on thiolated glass slides for 

studying carbohydrate-lectin interactions as shown in Figure 1.8 [207, 208].  The 

results of lectin binding experiments showed that the lectins were specifically bound 

to corresponding carbohydrates with different binding affinities.  The IC50 values of 

soluble carbohydrates determined with the carbohydrate microarrays were used to 

quantitatively analyze the binding affinities of lectins.  They found that lectin 

bindings were dependent on the length of the linker between the carbohydrate and 

the maleimide group as well as on the concentration of immobilized carbohydrates. 
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Figure 1.7 Structure of a self-assembled monolayer used to immobilize 

thiol-terminated carbohydrates (L) [202]. 
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Figure 1.8 Immobilization of maleimide-linked carbohydrates on thiolated glass 

slides [207]. 
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Recently, Wong’s research group also developed another microplate-based 

carbohydrate array by covalent immobilization of azido-containing carbohydrate via 

1,3-dipolar cycloaddition [209].  Before the immobilization of carbohydrates, they 

employed two different ways to functionalize the microtiter plate with alkyne groups 

and the scheme is shown in Figure 1.9.  The first method of alkyne 

functionalization was carried out by the attachment of propynoic acid 

[2-(2-amino-ethyldisulfanyl)-ethyl]-amide (linker 1) to the 

N-hydroxysuccinimide-coated microtiter plate.  Another one was prepared by 

attachment of propynoic acid 

(2-{2-[3-(4-isothiocyanato-phenyl)-thioureido]-ethyldisulfanyl}-ethyl)-amide (linker 

2) to the amine-coated microtiter plate.  After that, the alkyne functionalized 

microtiter plates were treated with azido-containing carbohydrates which underwent 

1,3-dipolar cycloaddition.  This reaction covalently attached the carbohydrates on 

the microtiter plates which were then used for lectin binding studies. 
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Figure 1.9 Alkyne functionalization by (a) linker 1 with NHS-coated microtiter plate 

and (b) linker 2 with amine-coated microtiter plate [209]. 
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1.5 Aims and Objectives of this Project 

 

As microtiter plates can provide a useful platform for the development of 

high-throughput multi-parameter sensors, modification of microtiter plates for 

attachment of various types of sensing elements have become an important research 

topic.  This project is aimed at developing high-throughput microplate-based 

biosensors for multi-sample analysis of dissolved oxygen, toxicity, biochemical 

oxygen demand (BOD) and carbohydrate-protein interactions.   Although the 

oxygen sensing microtiter plates are now commercially available, oxygen sensing 

films are made of polymers such as silicone rubber.  The Stern-Volmer plots of 

these oxygen sensors are nonlinear which presents difficulty in sensor calibration.  

Moreover, the silicone rubber surface does not allow the easy adhesion of microbial 

or enzymatic films which makes the conversion of these sensors into other 

biosensors difficult.  Recently, investigations on organically modified silicates 

(ORMOSILs) as supporting materials for [Ru(dpp)3]2+ indicated that certain 

ORMOSILs can yield linear Stern-Volmer calibration plots for the oxygen sensors 

[22, 24, 88].  ORMOSIL oxygen sensors have attempted to be fabricated on 

polystyrene microtiter plates for the measurement of oxygen concentration.  The 

performance of the sensing film have been compared with other oxygen sensing 
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films with [Ru(dpp)3]2+ and the results will be discussed in chapter 2 of this thesis.   

 

The development of high-throughput biosensors based on optical detection of 

oxygen concentration is also interested.  In combination with suitable biological 

components, it is expected that biosensors that can measure different parameters can 

be constructed.  In this project, the ORMOSIL oxygen sensors on microtiter plate 

were used as high-throughput biosensors for testing the toxicity of some antimalarial 

drugs on a heterologous yeast model.  The IC50 values (drug concentration which 

produced 50% inhibition of growth rate) of antimalarial drugs have been determined 

and compared to the conventional optical density method by measuring the 

absorbance of yeast cells at 595 nm (OD595).  In addition, high-throughput BOD 

biosensors have been fabricated by immobilizing a bacterium, Stenotrophomonas 

maltophilia, onto the ORMOSIL oxygen sensing film.  Results obtained from BOD 

biosensor have been compared with those obtained from the conventional 5-day 

method (BOD5).  Results on IC50 and BOD determinations will be discussed in 

chapters 3 and 4 of this thesis respectively. 

 

As the ORMOSIL can be easily modified with different functional groups 

such as isocyanate, various sensors can be constructed by attaching target ligands to 
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the ORMOSIL films.  A microplate-based carbohydrate sensor array by covalent 

immobilization of aminated carbohydrates onto the isocyanate functionalized 

ORMOSIL film has been developed.  This is a simple and convenient method to 

fabricate carbohydrate sensors compared with those previously reported in literature 

[203-209].  The microplate-based carbohydrate sensors have been evaluated by the 

well-established carbohydrate-lectin interactions.  Results will be discussed in 

chapter 5 of this thesis.  

 57



 
 
 
 

 
Chapter 2 

 

Fabrication and Evaluation of [Ru(dpp)3]2+-Entrapped Organically 

Modified Silicate (ORMOSIL) Oxygen Sensing Films on Polystyrene 

Microtiter Plate
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2.1 Introduction 

 

The rapid development of optical oxygen sensing by luminescence quenching 

of oxygen-sensitive dyes in the past decade [9, 210] allows the monitoring of 

dissolved oxygen concentration in microtiter plates in a high throughput manner [90, 

171, 174, 175, 211, 212].   Now microtiter plates specially designed for dissolved 

oxygen measurement are commercially available [155, 172].  These microtiter 

plates were prepared by immobilization of oxygen-sensitive particles in a gas 

permeable polymer matrix on the bottom of the wells.  The oxygen-sensitive 

particles consist of an oxygen-sensitive luminescent dye, either 

tris(4,7-diphenyl-1,10-phenanthroline)ruthenium (II) ([Ru(dpp)3]2+) or a platinum 

porphyrin, adsorbed on silica or polystyrene particles for better dispersion in the 

polymer matrix.  Previous studies have shown that the performance of the oxygen 

sensors depends strongly on the properties of the immobilization matrix, and various 

polymeric materials including silicone rubber [11, 17], polystyrene [66], poly(vinyl 

chloride) [45], polymethylmethacrylate [105], ion-exchange polymers [21], 

fluoropolymers [109], cellulose acetate butyrate [213] and sol-gel derived materials 

[116] have been investigated.  The Stern-Volmer plots for the dyes in the polymer 

matrix, however, are usually nonlinear [36, 55, 65] in these commercial available 
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oxygen sensing plates [175], and this is a major drawback for sensor calibration.  

Moreover, microtiter plates are commonly made of polystyrene, the surface of which 

can be damaged by most organic solvents in which those polymers are soluble [17, 

45, 66, 105, 109].  For this reason, water-based [156] or alcohol soluble polymers 

[211] are often used to coat the oxygen sensor films on microtiter plate, and this 

limits the choice of polymers in sensor fabrication.   Recently, investigations on 

organically modified silicates (ORMOSILs) as supporting materials for [Ru(dpp)3]2+ 

indicated that certain ORMOSILs can yield linear Stern-Volmer calibration plots for 

the oxygen sensors [22-24, 88].  This was attributed to the homogeneous 

environment provided by the ORMOSIL matrix to the embedded dye molecules.  

Besides homogeneity, ORMOSILs are transparent, hydrophobic, thermally and 

photochemically stable and sufficiently porous to allow fast diffusion of oxygen.  

Moreover, condensation of ORMOSIL takes place in aqueous medium, which will 

not damage the surface of polystyrene microtiter plates.  However, the poor 

adhesion of ORMOSILs on most polystyrene surfaces prevented the fabrication of 

ORMOSIL-based oxygen sensors on microtiter plates.  The adhesion problem have 

been overcome by placing dimethoxy dimethylsilane (DiMe-DMOS) based 

ORMOSILs containing [Ru(dpp)3]2+ onto surface-treated polystyrene microtiter 

plates.  The fabrication method and the performance of the resulting oxygen sensors 
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are reported herein. 
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2.2 Experimental Section 

2.2.1 Materials 

 

[Ru(dpp)3]Cl2 (dpp = 4,7-diphenyl-1,10-phenanthroline) was synthesized and 

purified in our laboratory according to a literature method [214]. Tetramethyl 

orthosilicate (or tetramethoxysilane, TMOS, 98%), and dimethoxy dimethylsilane 

(DiMe-DMOS, 95%) were purchased from Aldrich.  Oxygen and nitrogen gases (99 

% purity) were purchased from Hong Kong Oxygen Company.  Microtiter plates 

(no. 3603, 96 wells, flat clear bottom black polystyrene, TC-treated) were obtained 

from Corning.  Aluminum microplate sealing foils were obtained from USA 

Scientific.  All aqueous solutions were prepared in double deionized water 

(Milli-Q).  All other chemicals and solvents were analytical-reagent grade and were 

used without further purification. 

 

2.2.2 Physical measurements 

 

All luminescence measurements were conducted on a POLARstar OPTIMA 

microplate reader (BMG Labtech Inc., Germany) with a microcomputer.  The 
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wavelength of bandpass filters used for excitation and emission were centered at 460 

nm and 610 nm respectively.  The luminescence intensity was measured in the 

bottom plate reading configuration and at room temperature.  The concentration of 

oxygen (percentage of oxygen, v/v) was varied by changing the flow rate of oxygen 

and nitrogen flowing into the microwell containing the oxygen sensing film.  The 

flow rates of nitrogen and oxygen were controlled by two flow meters, respectively. 

 

2.2.3 Preparation and properties of oxygen sensing films on microtiter plate 

 

A solution of [Ru(dpp)3]Cl2 in ethanol (2.85 mg ml-1) were prepared.  The 

silica sol was prepared by mixing TMOS, 0.1M HCl and deionized water in the 

volume ratio of 1.0:1.7:1.1 and various volumes of DiMe-DMOS.  The sol mixture 

was stirred at 500 rpm for 3.5 h at 25 °C in a water bath.  The sol was then centrifuged 

at 7500 rpm (Beckman Coulter, centrifuge model: Allegra 64R, rotor: C0650) for 4 

minutes.  The thickened sol at the bottom of the centrifuge tube (1 ml) was pipetted 

out and thoroughly mixed with 250 µl of the ruthenium complex solution.  Portions 

(32 µl) of the sol-ruthenium mixture was then transferred to each well of the microtiter 

plate and allowed to stand for six days at room temperature in dark for gelation and 

drying.  After gelation, the microtiter plate was kept away from direct light before use.  
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A schematic diagram showing the oxygen sensing films coated on 96-well microtiter 

plate is shown in Figure 2.1. 

 

The optimum composition of sol-gel sensing film was determined by 

measuring the quenching response, QDO, where 

 

QDO = [(Ideoxy – Ioxy) / Ideoxy] x 100 ;                (2.1)

Ideoxy = luminescence intensity under a fully deaerated environment; and 

Ioxy = luminescence intensity under a fully oxygenated environment. 

 

A series of films with the same concentration of ruthenium complex but 

different volume ratio of DiMe-DMOS to TMOS were fabricated according to the 

procedures mentioned before.  The quenching response, QDO, was determined by 

measuring the luminescence intensity of films under a sodium sulfite solution for 

chemical removal of dissolved oxygen (Ideoxy) [215, 216] and a fully oxygenated 

deionized water (Ioxy) solution respectively.  The plot of quenching response versus 

volume ratio of DiMe-DMOS to TMOS was then obtained. 
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The Stern-Volmer plots were obtained by measuring the luminescence 

intensity under various gaseous oxygen or dissolved oxygen concentrations.  The 

gaseous oxygen concentration was varied by changing the relative flow rates of 

oxygen and nitrogen before feeding into the well.  The dissolved oxygen 

concentration was varied by dissolving different concentrations of gaseous oxygen in 

water and calibrated by Winkler titration [217] or by a YSI 5000 dissolved oxygen 

meter (YSI Incorporated, Yellow Springs, Ohio, USA). 

 

The leaching of ruthenium complex from the sol-gel sensing film was also 

tested.  The film was soaked in phosphate buffer solutions of different pH values (pH 

1.5, 7.0 and 8.9), deionized water and organic solvents of different concentrations 

(e.g. dimethyl sulfoxide, acetonitrile and ethanol).  The luminescence intensity of the 

solution at 610 nm, which indicated the leaching of ruthenium compound, was 

monitored at seven-day intervals over three weeks for deionized water and aqueous 

buffer solutions and at one-day intervals for organic solvent containing solutions. 

 

The photostability of the sol-gel sensing film was measured by illuminating at 

its excitation wavelength (460 nm) and monitoring the change of its luminescence 

intensity (610 nm) for 16 h under air in the microplate reader.  The long-term 
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stability was monitored by measuring the quenching response (QDO) of the sensing 

films over 110 days. 
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Figure 2.1 A schematic diagram showing the oxygen sensing films coated on 96-well 

microtiter plate. 
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2.3 Results and Discussion 

2.3.1 Optimization of the oxygen sensing film 

2.3.1.1 Organic methyl group in ORMOSIL oxygen sensing film 

 

Oxygen sensing films with different content of organic methyl groups were 

prepared by mixing different volume ratios of DiMe-DMOS to TMOS in the 

presence of 0.01 M HCl and [Ru(dpp)3]Cl2 solution whereas the volume ratio of 

TMOS : 0.01 M HCl : [Ru(dpp)3]Cl2 (2.85 mg ml-1) was fixed at 1.0:1.7:1.1.  The 

ORMOSIL oxygen sensing films took one week to solidify and this is more time 

saving than other sol-gel processes that take two weeks[75, 218]. 

 

The findings indicated that the possible range of volume ratio of 

DiMe-DMOS : TMOS to be used for successful fabrication of the ORMOSIL films 

should be below 2.30:1 (v/v).  The DiMe-DMOS:TMOS volume ratios used in the 

fabrication of sol-gel films in this study are summarized in Table 1.  If the volume 

ratio is higher than 2.30:1, the film cannot solidify completely and stays as a viscous 

liquid.  This is because the presence of excess methyl groups from DiMe-DMOS 

terminates the condensation process and prevent the formation of a crosslinked 
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three-dimensional network. 
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Table 2.1  A summary of the DiMe-DMOS : TMOS volume ratios used in the 

fabrication of oxygen sensing films. 

Sample 

no. 

TMOS

(ml) 

DiMe-DMOS

(ml) 

0.01M HCl

(ml) 

Deionized 

water 

(ml) 

Volume ratio of 

DiMe-DMOS : TMOS

1 1.00 1.50 1.70 1.10 1.50 :1 

3 1.00 1.55 1.70 1.10 1.55 :1 

3 1.00 1.60 1.70 1.10 1.60 :1 

4 1.00 1.65 1.70 1.10 1.65 :1 

5 1.00 1.70 1.70 1.10 1.70 :1 

6 1.00 1.75 1.70 1.10 1.75 :1 

7 1.00 1.80 1.70 1.10 1.80 :1 

8 1.00 1.85 1.70 1.10 1.85 :1 

9 1.00 1.90 1.70 1.10 1.90 :1 

10 1.00 1.95 1.70 1.10 1.95 :1 

11 1.00 2.00 1.70 1.10 2.00 :1 

12 1.00 2.05 1.70 1.10 2.05 :1 

13 1.00 2.10 1.70 1.10 2.10 :1 

14 1.00 2.15 1.70 1.10 2.15 :1 

15 1.00 2.20 1.70 1.10 2.20 :1 

 

 70



It was also found that sol-gel films derived from TMOS alone or with 

DiMe-DMOS : TMOS volume ratio less than 1.5:1.0 v/v shrinks significantly and 

peel off easily from the treated polystyrene surface after condensation.  Therefore, 

only ORMOSIL with DiMe-DMOS:TMOS ratios in the range of 1.5:1.0 to 2.2:1.0 

give films that adhere strongly on the polystyrene surface.  It is known that the 

surface of the tissue-culture-treated polystyrene microtiter plates from Corning has 

been modified by corona discharge or gas-plasma to give oxygen-containing (e.g. 

hydroxyl) functional groups [219].  Although most sol-gel derived materials do not 

adhere on polystyrene surface, Dislich reported that certain sol-gel films can be 

formed on treated polystyrene surface through covalent bond formation between the 

hydroxyl groups on treated polystyrene and the alkoxysilane during condensation 

[220].  It was found that the ORMOSIL films derived from DiMe-DMOS/TMOS 

adhere firmly on treated polystyrene surface, which is probably a result of both 

covalent bond formation between the hydroxyl groups on polystyrene and the 

alkoxysilane as well as hydrophobic interaction between the organic groups in 

ORMOSIL and the polystyrene surface.  As a control experiment, the adhesion of 

the ORMOSIL films on untreated polystyrene microtiter plates has also tested and 

confirmed that the DiMe-DMOS/TMOS derived films do not adhere on untreated 

polystyrene surface. 
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The optimal composition of the ORMOSIL film is a compromise between 

adhesion, curing time and sensitivity of the resulting film.  The response of the film 

towards oxygen quenching increases with the organic content of the ORMOSIL film 

due to the improvement in hydrophobicity and oxygen diffusivity [88].  However, 

addition of excess DiMe-DMOS in the fabrication of the sensing films will lead to 

exceedingly long curing time.   As a result, an optimal DiMe-DMOS : TMOS 

volume ratio of  2.15:1.0 was used to fabricate the oxygen sensing films in this 

study.  The photograph of a 96-well microtiter plate partly coated with ORMOSIL 

oxygen sensing films is shown in Figure 2.2. 
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Figure 2.2 A 96-well microtiter plate with some of the microwells coated with 

ORMOSIL oxygen sensing films. 
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2.3.1.2 Effect of hydrochloric acid concentration 

 

Hydrochloric acid (HCl) was used as a catalyst in the hydrolysis of sol-gel.  

This is an important step in controlling the rate of film formation.  When the 

concentration of HCl is over 0.01M, the rate of polycondensation is very rapid which 

makes the liquid sol mixed poorly (emulsion formation) with the [Ru(dpp)3]Cl2 

solution.  When the rate of hydrolysis and condensation are too fast, shrinkage of 

the film becomes very serious and it detachs from the bottom surface of the well.  

Therefore, 0.01M HCl was chosen for fabrication of crack-free ORMOSIL oxygen 

sensing films with good adhesion in a relatively short period of time. 

 

2.3.1.3 Optimum volume of sol-gel solution for fabrication of ORMOSIL oxygen 

sensing films in the microwells of microtiter plate 

 

As the film thickness affects the response time of the sensing film, it should 

be as thin as possible.  The optimum volume of sol-gel solution for fabrication of 

films in the microwells can be judged from the phosphorescence of the film 

measured at the bottom of the wells.  When the volume of the sol is not sufficient to 

completely cover the bottom of wells, phosphorescence will only be detected at the 
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periphery of the well.  The oxygen sensing films are thicker at the periphery of the 

well than at the center due to capillary action between the sol and the wall of the 

microtiter plate, as evidenced by the higher luminescence intensity at the periphery.  

Figure 2.3 shows how different volumes of sol added affect the phosphorescence of 

the film.  The minimum volume of sol-gel solution which can cover the whole well 

bottom was found to be 32 µl.  The film thickness at the centre was estimated to be 

less than 10 µm based on the volume of sol used.  This volume of sol was selected 

for subsequent fabrication of oxygen sensing films. 
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Figure 2.3  The effect of addition of different volumes of sol on the 

phosphorescence of the sensing films (volume of sol added from column 1 to 8: 30, 

31, 32, 33, 34, 35, 36, 37 µl; column 9 to 12: 26, 27, 28, 29 µl; the first well (top) in 

column 1 and 8 are empty).  The ORMOSIL sensing films were illuminated under 

long wavelength UV light (366 nm). 
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2.3.1.4 Effect of methyl group content on the sensitivity of the oxygen sensing 

film

 

The optimal composition of sol-gel for the fabrication of oxygen sensing 

films should provide the highest sensitivity.  The sensitivity of the sensing film can 

be expressed by the quenching response (QDO) and quenching ratio (I0/I100, where I0 

is the luminescence intensity at 100% N2 and I100 is the luminescence intensity at 

100% O2); the higher the quenching response (or quenching ratio), the higher is the 

sensitivity.  The effect of volume ratio of DiMe-DMOS to TMOS on the quenching 

response is shown in Figure 2.4.  An increase in quenching response was observed 

with increased volume of DiMe-DMOS.  A summary of the DiMe-DMOS:TMOS 

ratios effect on the QDO values is summarized in Table 2.2. 
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Figure 2.4 The effect of volume ratio of DiMe-DMOS to TMOS on the quenching 

response (QDO). 
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Table 2.2 A summary of the DiMe-DMOS : TMOS ratio vs. the quenching response 

in the ORMOSIL oxygen sensing film. 

Composition 

DiMe-DMOS:TMOS (v/v) 
Quenching response (%) 

1.50 : 1 78.7 ± 0.7 

1.55 : 1 81.8 ± 0.9 

1.60 : 1 81.8 ± 1.0 

1.65 : 1 83.0 ± 1.0 

1.70 : 1 84.0 ± 0.9 

1.75 : 1 83.7 ± 0.5 

1.80 : 1 84.0 ± 0.2 

1.85 : 1 84.7 ± 0.7 

1.90 : 1 84.2 ± 0.3 

1.95 : 1 84.9 ± 0.8 

2.00 : 1 85.3 ± 0.5 

2.05 : 1 85.4 ± 0.1 

2.10 : 1 86.1 ± 0.3 

2.15 : 1 86.4 ± 0.2 

2.20 : 1 85.8 ± 0.4 

2.25 : 1 86.9 ± 0.6 
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The increase in quenching response upon increasing the volume of 

DiMe-DMOS could be attributed to the improvement of porosity and hydrophobicity 

of the film.  Since the alkyl groups of DiMe-DMOS can terminate the condensation 

reaction in sol-gel process, any unreacted alkyl groups (hydrophobic) will form pores 

inside the sol-gel film after gelation.  As the volume of DiMe-DMOS increases, the 

porosity of the film also increases.  Thus the ruthenium complex can easily get 

access to oxygen in the quenching process, and the quenching response will be 

improved.  The ORMOSIL precursor improves the sensitivity (quenching response) 

of the sol-gel film due to the increased oxygen diffusivity and solubility in these 

more hydrophobic films.  According to the quenching response, transparency, 

adhesion, etc., the optimum composition of the sol-gel film was found to be 2.15:1 

(DiMe-DMOS:TMOS, v/v).  Films fabricated under these conditions were used in 

subsequent studies to evaluate the performance of the optical oxygen sensor. 

 

A comparison of the QDO and I0/I100 values for [Ru(dpp)3]2+ on different 

supports is given in Table 2.3.  As shown in the table, the sensitivity of ORMOSIL 

film fabricated by DiMe-DMOS with TMOS is better than those fabricated by pure 

TEOS, TMOS, MTMS, MTEOS and ETEOS due to the higher porosity in the 

DiMe-DMOS/TMOS films.  On the other hand, the hydrophobicity of 

 80



DiMe-DMOS films is higher than those of MTMS and MTES as there are two 

methyl groups in DiMe-DMOS whereas only one methyl group is present in MTMS 

and MTEOS.  As the porosity and hydrophobicity increase, the oxygen gas can 

diffuse from aqueous solution into the sol-gel film more easily.  Therefore, the 

sensitivity of ORMOSIL oxygen sensing film fabricated by DiMe-DMOS/TMOS 

composite is higher than those fabricated by MTMS/TEOS, MTEOS/TEOS and 

ETEOS/TEOS composite ORMOSIL.  Besides, its sensitivity is comparably higher 

than other oxygen sensing films prepared by polystyrene, ethylcellulose, PVC and 

silicone polymer [65].  It can be concluded that DiMe-DMOS/TMOS composite is a 

good material for ORMOSIL oxygen sensors. 
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Table 2.3 A comparison of the QDO and I0/I100 values for [Ru(dpp)3]2+ on different 

supports. 

Matrix Quenching ratio,

I0/I100

Quenching 

response, QDO (%) 

Reference

DiMe-DMOS : TMOS 

2.15 :1 (v/v)  
13.4 ± 0.6 86.4 ± 0.2 This work

100% TEOS 3.11  [117] 

100% TEOS 8.4  [75] 

50% TEOS / 50% MTMS 6.07  [117] 

100% MTMS 10.17  [117] 

polystyrene 2.0  [65] 

ethylcellulose 3.0  [65] 

PVC 3.6  [65] 

silicone polymer 4.3  [65] 

zeolite 3.5  [68] 

silica 4.3  [68] 

sol-gel 8  [116] 

silicone rubber with silica 
(LM-130) 

13.7  [76] 

silicone rubber 6.31  [76] 

100% TEOS  30 [129] 

100% TMOS  71 [129] 

100% MTMS  65 [129] 

100% MTEOS  69 [129] 

MTEOS : TEOS (1:1)  56 [152] 
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MTEOS : TEOS (2:1)  62 [152] 

MTEOS : TEOS (3:1)  70 [152] 

100% MTEOS  73 [152] 

ETEOS : TEOS (1:1)  72 [152] 

100% ETEOS  80 [152] 

 

DiMe-DMOS = dimethoxy dimethylsilane 

TMOS = tetramethoxysilane 

TEOS = tetraethoxysilane 

MTMS = methyltrimethoxysilane 

MTEOS = methyltriethoxysilane 

ETEOS = ethyltriethoxysilane 
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2.3.2 Stern-Volmer plots 

 

The relationship between luminescence intensity and oxygen concentration is 

described by the Stern-Volmer equation 2.2 [25, 221]:

 

I0 / I = 1 + Ksv [O2] (2.2)

 

where I0 is the luminescence intensity in the absence of oxygen, I the luminescence 

intensity at the oxygen concentration [O2], and Ksv the Stern-Volmer constant.  The 

Stern-Volmer plots of the ORMOSIL oxygen sensing film for dissolved and gaseous 

oxygen are shown in Figures 2.5 and 2.6 respectively.  The solid line represents the 

best linear fit generated by the least-squares method.  The plots show excellent 

linearity, which indicate negligible matrix heterogeneity effects and allow a simple 

two-point calibration for both of the dissolved and gaseous oxygen sensors.  It is 

interesting to note that two-point calibration is often adopted as an approximation to 

generate the calibration curve for polymer-based oxygen sensors on microplates [90, 

163, 171, 172, 174], even though the Stern-Volmer plots in these systems are not 

strictly linear.  In this aspect, the ORMOSIL oxygen sensor platform offers a 

distinct advantage over the commercial product.  The linearity of the Stern-Volmer 
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plot may result from the homogeneous microenvironment when ORMOSIL films of 

appropriate composition are used [131].  It can be explained by the hydrophobic 

nature of the ORMOSIL which allows the [Ru(dpp)3]2+ with its hydrophobic dpp 

ligands to distribute more uniformly in the sol-gel matrix.  As a result, all 

[Ru(dpp)3]2+ molecules are dispersed in a very similar microenvironment within the 

sol-gel.  Furthermore, DiMe-DMOS has two methyl groups, which do not undergo 

hydrolysis throughout the sol-gel process.  These two methyl groups inside the 

structure provide higher porosity and hydrophobicity.  As the pores serve as oxygen 

channels to the ruthenium dyes entrapped in the matrix, and oxygen has a higher 

affinity for hydrophobic surface, this may also contribute to the linear response of the 

oxygen sensor. 

 

The standard deviation of luminescence intensity for films in different wells 

as determined by the I0 value and the I0/I100 quenching ratio (I0 is the luminescence 

intensity at 100% N2 and I100 is the luminescence intensity at 100% O2) are ±8 % and 

±3 % respectively.  As the contribution due to drift in light source intensity is 

evened out in the I0/I100 [11], the deviation in luminescence intensity due to 

non-uniform thickness is about ±3%.  The detection limit of this sensor, taken as the 

concentration of dissolved oxygen to produce an analytical signal equal to I0/(I0-3S) 
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(S/N ratio = 3, I0 = mean luminescence intensity in N2-saturated water and S is the 

standard deviation) is about 0.05 mg l-1 , which is close to that of the silicone rubber 

based oxygen sensors [99].   
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Figure 2.5 Stern-Volmer plot of the [Ru(dpp)3]Cl2 immobilized in ORMOSIL sensing 

films for dissolved oxygen. 
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Figure 2.6 Stern-Volmer plot of the [Ru(dpp)3]Cl2 immobilized in ORMOSIL sensing 

films (DiMe-DMOS : TMOS = 2.15 : 1.0) for gaseous oxygen. 
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2.3.3 Leaching of ruthenium complex from ORMOSIL films 

 

Dye leaching is a common shortcoming of sensors based on entrapped dyes.  

As the optical oxygen sensor is used for measuring dissolved oxygen concentration 

in liquid samples, it should be able to resist the leaching of sensing material to the 

aqueous and organic environment.  The leaching of ruthenium complex in different 

aqueous solutions of different pH and organic solvents was studied. 

 

There was no observation of ruthenium complex leaching out from 

ORMOSIL films in pH buffers (0.1M pH 1.5, pH 7 and pH 8.9 phosphate buffers) or 

deionized water over three weeks.  This may be due to the fact that sol-gel is a 

highly cross-linked three-dimensional polymer and the pores can trap the complex 

molecules effectively without leaching.  Furthermore, the hydrophobicity of the 

film protects the complex from leaching into the aqueous solution.   

 

The ORMOSIL films can also tolerate organic solvents such dimethyl 

sulfoxide, acetonitrile and ethanol at concentrations up to about 10 %, 5% and 2% 

(v/v) respectively without damage of film surface or leaching of the ruthenium dye 

(Figure 2.7).  However, there is leaching of ruthenium dye when the concentration 
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of the organic solvent is greater than the concentrations mentioned above, at which 

swelling of the ORMOSIL films by the organic solvent can be observed. 
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Figure 2.7 Leaching of [Ru(dpp)3]Cl2 from ORMOSIL films (DiMe-DMOS : TMOS 

= 2.15 : 1.0) in aqueous solution of organic solvents of different concentrations.  

 

 91



2.3.4 Stability of the ORMOSIL films 

 

2.3.4.1 Photostability of the ORMOSIL films 

 

[Ru(dpp)3]Cl2 is known to be a relatively stable dye towards photochemical 

degradation [11].  Under the experimental conditions, the immobilized [Ru(dpp)3]2+ 

was irradiated at its excitation wavelength (460 nm) for 16 h and the change in 

luminescence intensity with time is shown in Figure 2.8.  There was no significant 

photo-bleaching of [Ru(dpp)3]2+
 over the whole period of illumination.  It implies 

that the complex has high photostability and is a good choice for oxygen sensing 

material. 
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Figure 2.8 The photostability of the ORMOSIL film (DiMe-DMOS : TMOS = 2.15 : 

1.0) immobilized with [Ru(dpp)3]Cl2 (excitation wavelength, 460 nm; emission 

wavelength, 610 nm). 
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2.3.4.2 Long-term stability of the ORMOSIL films 

 

A good oxygen sensor must provide a stable response with high 

reproducibility.  The quenching response of the ORMOSIL films was monitored 

over a period of 110 days.  In between measurements the film was stored in 

darkness.  As shown in Figure 2.9, there is no significant change in the quenching 

response over the whole period.  The ORMOSIL film exhibits good long-term 

storage stability which can be attributed to the chemical inertness and stability of 

sol-gel (no interaction with other substances / contaminants) during measurement 

and storage. 
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Figure 2.9 The long-term stability of the ORMOSIL film immobilized with 

[Ru(dpp)3]Cl2 (excitation wavelength, 460 nm; emission wavelength, 610 nm). 
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2.4 Concluding Remarks 

 

Sol-gel is a suitable matrix for fabrication of oxygen sensors due to its high 

oxygen permeability, thermal stability, photostability and chemical inertness.  A 

simple and convenient method for the fabrication of ORMOSIL optical oxygen 

sensors on polystyrene microtiter plates has been presented and which can be done in 

most laboratories.  The quenching ratio I0/I100 (13.4 ± 0.6) and quenching response 

(86.4 ± 0.2 %) of this ORMOSIL oxygen sensing film are superior over other oxygen 

sensing films.  The oxygen sensors yielded linear Stern-Volmer plots which allow 

simple two-point calibration.  This sensing film was subsequently utilized for a 

cell-based screening assay and BOD determination the results of which will be 

discussed in chapters 3 and 4 respectively. 
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Chapter 3 

 

Application of the [Ru(dpp)3]2+-Entrapped Organically Modified 

Silicate (ORMOSIL) Oxygen Sensing Films on Microtiter Plate for 

IC50 Determination of Drugs on a Heterologous Yeast Model 
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3.1 Introduction 

 

Oxygen consumption by microorganisms and aerobic cells is an important 

indicator of their metabolic activity and state of growth.  Monitoring and 

measurement of dissolved oxygen concentration in cell cultures is thus of interest for 

drug screening, cell cultivation, toxicity tests and environmental analysis.  With the 

ever increasing number of samples and the limited availability of microbial cells and 

expensive biochemicals, there is a need to develop high throughput systems for 

multi-sample analyses with small sample volumes.  Rapid determination of IC50 

(Inhibitory Concentration at 50%) of drugs on various microorganisms is important 

in drug screening.  The conventional optical density method for IC50 determination 

is an end point method and cannot give information on the process of cell 

deactivation [176].  Besides, it can be easily interfered by color or turbidity in the 

cell culture. 

 

In Chapter 2, a simple and convenient method for the fabrication of 

ORMOSIL optical oxygen sensors on polystyrene microtiter plates has been 

described.  This sensor exhibits a linear Stern-Volmer relationship which allows 

simple two-point calibration.  The determination of oxygen concentration by this 
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biosensor has certain distinct advantages over other oxygen sensing films.  The 

application of this oxygen sensing microplate in the determination of IC50 values of 

some antimalarial drugs on a heterologous yeast model will be discussed in this 

chapter. 
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3.2 Experiment Section 

 

3.2.1 Materials 

 

[Ru(dpp)3]Cl2 (dpp = 4,7-diphenyl-1,10-phenanthroline) was synthesized and 

purified in our laboratory according to a literature method[214]. Tetramethyl 

orthosilicate (TMOS, 98%), and dimethoxy dimethylsilane (DiMe-DMOS, 95%) 

were purchased from Aldrich.  Fine graphite powder (extra pure) was purchased 

from Merck.  Yeast-peptone-dextrose (YPD) broth was purchased from USB Corp.  

Yeast nitrogen base and amino acid supplement mixture were purchased from 

Qbiogene.  The antimalarial drugs, chloroquine (CQ) and quinacrine (QNC), were 

obtained from Sigma.  Oxygen and nitrogen gases (99.7 % purity) were purchased 

from Hong Kong Oxygen Company.  Microtiter plates (no. 3603, 96 wells, flat clear 

bottom black polystyrene, TC-treated) were obtained from Corning.  Aluminum 

microplate sealing foils were obtained from USA Scientific.  All aqueous solutions 

were prepared in double deionized water (Milli-Q).  All other chemicals and 

solvents were of analytical-reagent grade and were used without further purification. 
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3.2.2 Preparation of oxygen sensing films on microtiter plate 

 

A solution of [Ru(dpp)3]Cl2 in ethanol (2.85 mg ml-1) was prepared.  The 

silica sol was prepared by mixing TMOS, DiMe-DMOS, 0.1M HCl and deionized 

water in the volume ratio of 1.0:2.15:1.7:1.1.  The sol mixture was stirred at 500 

rpm for 3.5 hours at 25 °C in a water bath.  The sol was then centrifuged at 7500 

rpm (Beckman Coulter, centrifuge model: Allegra 64R, rotor: C0650) for 4 minutes.  

The thickened sol at the bottom of the centrifuge tube (1 ml) was pipetted out and 

thoroughly mixed with 250 µl of the ruthenium complex solution.  Portions (32 µl) 

of the sol-ruthenium mixture was then transferred to each well of the microtiter plate 

and allowed to stand for six days at room temperature in dark for gelation and drying.  

A light-insulating layer of graphite-containing sol-gel coating was placed on the top 

of the oxygen sensing film to eliminate scattered light and background luminescence 

from sample solution.  This light-insulating coating was prepared by pipetting 15 µl 

of a mixture of thickened sol (1 ml), graphite (0.1 g) and 0.1 M  phosphate buffer 

(pH 7.0, 50 µl) onto the surface of each of the gelatinized oxygen sensing film and 

allowed to stand for another 6 days.  After gelation, the microtiter plate was stored 

from direct light prior to use.  A schematic diagram of the biosensor is shown in 

Figure 3.1. 
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Figure 3.1 A schematic diagram showing the oxygen sensing part of the biosensor. 
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3.2.3 Instrumentation 

 

Luminescence measurements were conducted on a BMG Labtech POLARstar 

microplate reader connected to a microcomputer.  The center wavelengths of 

bandpass filters used for excitation and emission were 460 nm and 610 nm 

respectively.  The luminescence intensity was measured in the bottom plate reading 

configuration and at room temperature.  Absorbance monitoring of yeast cell 

growth was performed on a Bio-Rad model 550 microplate reader. 

 

 

3.2.4 Yeast strains 

 

The yeast (Saccharomyces cerevisiae) strains YPH 499(pYX113), YHW 

1052(pYX113) and YRP 3 used in this study were obtained from Dr. Larry M.C. 

Chow.   This is a well-defined heterologous yeast model used to address the 

problem of drug resistance [222].  The yeast strains YHW 1052 (Dpdr5::TRP1, 

Dsnq2::hisG, Dpdr10::hisG) and YRP 3 (Dpdr5::TRP1, Dsnq2::hisG, Dste6::hisG, 

Derg6::LEU2) were utilized for this study along with its isogenic parental strain 

YPH 499 (MATa ade2-101oc, his3D200, leu2-D1, lys2-801am, trp1-D1, ura3-52).   
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Strain YPH 499 is a wild type and is refractory to drug substrates.  Strain YHW 

1052 is a mutant with deletions in the PDR5, PDR10, and SNQ2 multidrug resistance 

genes and is thus more susceptible to drug substrates.  Strain YRP 3 is another 

mutant with the PDR5, SNQ2, STE6 and ERG6 genes deleted.  ERG6 is a special 

gene responsible for synthesizing the plasma membrane lipid ergosterol on the yeast 

plasma membrane.  Deleting this gene would result in a 'leakage' on the plasma 

membrane and therefore allowing drug substrates to enter the yeast cell.  YRP 3 is 

therefore very sensitive to all kinds of drugs. 

 

3.2.5 Preparation of culture media and antimalarial drug solutions 

 

The yeast-peptone-dextrose (YPD) medium was prepared by dissolving YPD 

broth powder in deionized water followed by autoclaving at 121 °C for 20 minutes.   

The YPD medium used in all experiments was made up to a final concentration of 

peptone (20 g l-1), yeast extract (10 g l-1) and D-glucose (20 g l-1).  This YPD 

medium was used for all experiments with chloroquine (CQ). 

 

As quinacrine (QNC) is insoluble in the presence of uracil, the synthetic 

complete medium minus uracil (SC-Ura) [223] was prepared for all experiments with 
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QNC.  The SC-Ura medium was made up to a final concentration of yeast nitrogen 

base (1.7 g l-1), ammonium sulfate (5 g l-1), D-glucose (20 g l-1) and amino acid 

supplement mixture (0.8 g l-1).  It was sterilized by autoclaving at 121°C for 20 

minutes before use. 

 

Stock solutions of chloroquine (200 mg ml-1) and quinacrine (20 mg ml-1) in 

deionized water were prepared.  The solutions were then sterilized by filtration 

through a cellulose or nylon syringe filter of 0.2 µm pore diameter.  Various 

concentrations of CQ and QNC solutions were prepared by dilution of the stock 

solutions with sterilized deionized water. 

 

3.2.6 Incubation of yeast cell 

 

Single colony of yeast was inoculated into 5 ml of sterilized YPD or SC-Ura 

medium.  The above operation was performed with aseptic technique with the 

assistance of a Bunsen flame.  The culture was then incubated for 24 h at 30°C and 

250 rpm. 
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3.2.7 Calibration of biosensor 

 

Each well of microtiter plate with the oxygen sensing film was calibrated by 

two-point calibration (air saturated water [224] and deoxygenated water by chemical 

removal [215, 216]) with the Stern-Volmer equation 3.1. 

 

I0/I = 1 + Ksv [O2] (3.1)

 

 

3.2.8 Determination of IC50 values by measurement of dissolved oxygen 

concentration 

 

After incubation of yeast cell, the concentration of yeast cells in culture 

medium was checked by measuring the absorbance at 595 nm (OD595) with a 1 cm 

path length cuvette.  The cell culture was then diluted to an absorbance of 0.01 with 

YPD or SC-Ura medium.  The diluted cell culture (125 µl) and antimalarial drug 

solution of various concentrations (125 µl) were added to each well of the microtiter 

plate to make up a final volume of 250 µl.  The control consisted of 125 µl diluted 

cell culture further diluted to 250 µl with sterilized deionized water.  The microtiter 
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plate was then sealed with an aluminum microplate sealing foil to minimize the 

interference from atmospheric oxygen.

 

The dissolved oxygen concentration recorded as luminescence intensity was 

plotted against incubation time.  The growth rate (R) of yeast was taken as the slope 

between the beginning of the plateau baseline in the oxygen depletion curve to the 

point at which 2 mg l-1 of dissolved oxygen had been consumed.  The percentage 

inhibition, I (%), of the drug solution on the growth rate of the yeast cells was 

calculated from equation (3.1): 

 

I (%) = [(Rc – Rt) / Rc] x 100% (3.2)

 

where Rc and Rt represent the growth rate of the control and the testing sample 

respectively.  The IC50 value (drug concentration which produced 50% inhibition of 

growth rate) was obtained from the plot of I (%) versus drug concentration. 

 

 107



3.2.9 Determination of IC50 values by the optical density (OD595) method 

 

The sample was prepared in the same as in 3.2.8, except that there was a 

blank needed for background absorbance measurement. The covered microplate was 

incubated in an oven at 30 oC for 48 h. After the incubation, the absorbance at 595nm 

under various drug concentrations was measured by a Bio-Rad model 550 microplate 

reader and subtracted from the blank. 

 

The IC50 value can also be obtained from the plot of percentage of relative 

growth versus the drug concentration.  The IC50 value was found by determining the 

50% relative growth. The percentage of relative growth can be calculated by 

equation 3.2: 

 

 Relative growth (%) = [(OD595 with drug / OD595 of control)] x 100% (3.3)
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3.3 Results and Discussion 

 

3.3.1 Determination of IC50 values of antimalarial drugs by measurement of 

dissolved oxygen concentration 

 

The performance of the oxygen sensors in the determination of IC50 values of 

drugs was tested on a well-defined heterologous yeast model.  The yeast strains 

YPH 499(pYX113), YHW 1052(pYX113) and YRP 3 in this model have different 

levels of resistance towards antimalarial drugs [222].  The change in dissolved 

oxygen concentration during the incubation of yeast cells in the presence of 

chloroquine (CQ) or quinacrine (QNC) was monitored.  The luminescence intensity 

was converted to dissolved oxygen concentration by equation (3.1) and plotted 

against the incubation time to give the oxygen depletion curves. 

 

3.3.1.1 Determination of IC50 values of chloroquine (CQ) 

 

The chloroquine (CQ) resistance level of different yeast strains, YPH 

499(pYX113), YHW 1052(pYX113) and YRP 3, was studied.  During the 

incubation of the yeasts in different concentrations of CQ, the luminescence intensity 
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was measured and recorded simultaneously.  Then the luminescence intensity was 

converted to dissolved oxygen concentration by equation (3.1) and plotted against 

the incubation time to give the oxygen depletion curves in Figures 3.2 to 3.4. 
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Figure 3.2 Incubation of the yeast strain YPH 499(pYX113) in different 

concentrations of chloroquine (CQ).
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Figure 3.3 Incubation of the yeast strain YHW 1052(pYX113) in different 

concentrations of chloroquine (CQ).
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Figure 3.4 Incubation of the yeast strain YRP 3 in different concentrations of 

chloroquine (CQ). 
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At the beginning of experiment, there was an increase in dissolved oxygen 

concentration.  This phenomenon is also observed in other commercially available 

polymer-based oxygen sensors on microtiter plates [172].  This increase in oxygen 

concentration is not due to hydration of the oxygen sensing films, as it cannot be 

eliminated by pre-soaking the oxygen sensors with water, phosphate buffer or the 

culture medium before measurement.  On the other hand, pre-warming the oxygen 

sensing microtiter plate in an oven at 25 °C for 15 minutes can eliminate these humps 

in the oxygen depletion curves (Figure 3.5).  Thus the initial increase in oxygen 

concentration can be attributed to the warming up of the microtiter plate in the 

microplate reader, which gave an increase in oxygen concentration due to increase in 

oxygen diffusion rate.  The oxygen concentration then leveled off to a plateau 

before consumption by yeast cells took place.  Due to the inhibition of growth of 

the yeast by the antimalarial drug, CQ, the yeast showed a delay in oxygen 

consumption that depended on CQ concentration.  The oxygen levels in each well 

then declined gradually to 0% and stayed at this level.  With increasing CQ 

concentration, the yeast cells grew more slowly, as indicated by the increasing delay 

time and decreasing oxygen consumption rate.   

 

The growth rate was taken as the slope from the beginning of the plateau to 
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the data point where 2 mg l-1 of dissolved oxygen had been consumed.  The 

concentration of CQ that produced 50% growth inhibition, IC50, was obtained from 

the plots of percentage inhibition versus CQ concentration (Figures 3.6 to 3.8).  The 

IC50 values of CQ for yeast strains YPH 499(pYX113), YHW 1052(pYX113) and 

YRP 3 are 68.0 ± 7.5 mg ml-1, 17.0 ± 2.0 mg ml-1 and 7.5 ± 2.0 mg ml-1, respectively.   

 

 115



 

0 2 4 6 8 10 12 14
0

2

4

6

8

10 A
D

is
so

lv
ed

 O
xy

ge
n 

C
on

ce
nt

ra
tio

n 
(m

g 
l-1

)

Time (h)

 YPD medium
 SC-Ura medium
 pH 7.5 phosphate buffer
 deionised water

 

0 2 4 6 8 10 12 14 16
0

2

4

6

8

10 B

 YPD medium
 SC-Ura medium
 pH 7.5 phosphate buffer
 deionised water

D
is

so
lv

ed
 O

xy
ge

n 
C

on
ce

nt
ra

tio
n 

(m
g 

l-1
)

Time (h)

 

Figure 3.5 Effect of pre-warming the microtiter plate sensing platform before 

measurement. (A) Control without pre-warming and (B) with pre-warming at 25°C 

for 15 minutes.
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Figure 3.6 Plot of percentage inhibition in growth rate (I %) versus the concentration 

of chloroquine (CQ) for the yeast strain YPH 499(pYX113). 
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Figure 3.7 Plot of percentage inhibition in growth rate (I %) versus the concentration 

of chloroquine (CQ) for the yeast strain YHW 1052(pYX113). 
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Figure 3.8 Plot of percentage inhibition in growth rate (I %) versus the concentration 

of chloroquine (CQ) for the yeast strain YRP 3. 
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3.3.1.2 Determination of IC50 values of quinacrine (QNC) 

 

As the yeast YRP 3 cannot grow in the SC-Ura medium, the IC50 for 

quinacrine (QNC) was therefore not determined.  The QNC resistance level of yeast 

strains, YPH 499(pYX113) and YHW 1052(pYX113), have been studied.  The 

dissolved oxygen concentration measurement procedure was the same as in section 

3.3.1.1 but the yeasts were incubated in different concentrations of QNC.  The plots 

of dissolved oxygen concentration against incubation time are shown in Figures 3.9 

to 3.10. 
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Figure 3.9 Incubation of the yeast strain YPH 499(pYX113) in different 

concentrations of quinacrine (QNC). 
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Figure 3.10 Incubation of the yeast strain YHW 1052(pYX113) in different 

concentrations of quinacrine (QNC). 

 

 122



The oxygen depletion curves were similar to those obtained from incubation 

of the yeast strains in the presence of chloroquine (CQ).  The growth rate was taken 

as the slope from the beginning of the plateau to the data point where 2 mg l-1 of 

dissolved oxygen had been consumed.  The concentration of QNC that produced 

50% growth inhibition, IC50, was obtained from the plots of percentage inhibition 

versus QNC concentration (Figures 3.11 to 3.12).  The IC50 values of QNC for yeast 

strains YPH 499(pYX113) and 1052(pYX113) are 1.3 ± 0.2 mg ml-1 and 0.6 ± 0.2 

mg ml-1, respectively. 
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Figure 3.11 Plot of percentage inhibition in growth rate (I%) versus the concentration 

of quinacrine (QNC) for the yeast strain YPH 499(pYX113). 
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Figure 3.12 Plot of percentage inhibition in growth rate (I%) versus the concentration 

of quinacrine (QNC) for the yeast strain YHW 1052(pYX113). 
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3.3.2 Comparison of IC50 values determined by optical oxygen sensors and 

conventional optical density (OD595) method 

 

The yeast strains YPH 499(pYX113), YHW 1052(pYX113) and YRP 3 were 

chosen because they have different tolerance to drug treatments.  Yeast strain YRP 3 

has the lowest drug resistance level because it has a gene (ERG6), which is 

responsible for synthesizing the plasma membrane lipid ergosterol on the yeast 

plasma membrane, deleted.  Hence, in the absence of this ergosterol in YRP 3, drug 

substrates can enter the cell more easily.  On the other hand, due to the deletion of 

three multidrug resistance genes (PDR5, PDR10, and SNQ2) in YHW 1052(pYX113), 

it is less resistant to drugs when compared to the wild-type parental strain YPH 

499(pYX113).  Therefore, the value of IC50 for YHW 1052(pYX113) is lower than 

that for YPH 499(pYX113). 

 

The IC50 values obtained by the conventional optical density (OD595) method 

are listed in Table 3.1 together with those obtained by the optical oxygen sensors.    

Table 3.1 shows clearly that the IC50 values determined by the oxygen sensors are in 

agreement with those of the conventional optical density (OD595) method.  This is 

true for all three strains with different level of drug resistance.  It is also true for 
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both drugs, CQ and QNC. 
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Table 3.1 A comparison of the IC50 values obtained from the oxygen sensors and the 

conventional optical density (OD595) method. 

YPH 499(pYX113) YHW 1052(pYX113) YRP 3 

Method IC50 of CQ 

(mg ml-1) 

IC50 of QNC 

(mg ml-1) 

IC50 of CQ 

(mg ml-1)

IC50 of QNC 

(mg ml-1) 

IC50 of CQ 

(mg ml-1) 

Oxygen sensors 68.0 ± 7.5 1.3 ± 0.2 17.0 ± 2.0 0.6 ± 0.2 7.5 ± 2.0 

OD595 69.0 ± 7.5 1.4 ± 0.5 12.2 ± 3.0 0.4 ± 0.4 8.0 ± 2.0 

 

 

 

 128



Nowadays, screening for potent drugs from a large pool of drug candidates in 

high-throughput manner is a basic requirement.  However, the conventional optical 

density method, which measures the change in absorbance of the cell culture at the end 

point, is interfered by light scattering during the measurement and the sinking of cells 

to the bottom of the microwell during incubation.  Besides, it cannot give information 

on the cell growth (or death) profile and adaptation of cells to drugs.  In addition, 

certain drugs absorb at 595 nm therefore interfere with the optical density method.  In 

contrast, the oxygen sensor method is based on the measurement of oxygen 

consumption rate from cells, is relatively simple to perform and is not subject to 

interference from cell turbidity, color or precipitation. 
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3.4 Concluding Remarks 

 

The oxygen sensors on microtiter plate produced reliable and reproducible 

results in the determination of IC50 values of some antimalarial drugs on a yeast 

model.  The IC50 values determined by the oxygen sensors are in agreement with 

those measured by the conventional optical density (OD595) method.  Besides, it can 

monitor the cell growth process in the presence of various concentration of drug.  

The evaluation of IC50 values by the oxygen sensors is relatively simple to perform 

and is not subject to interference from cell turbidity, color or precipitation.  This 

high-throughput biosensor is expected to find its application in the pharmaceutical 

industry for screening of potent drugs. 
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Chapter 4 

 

A High-Throughput Biosensor Based on [Ru(dpp)3]2+-Entrapped 

Organically Modified Silicate (ORMOSIL) Oxygen Sensing Films on 

Microtiter Plate for Multi-Sample Determination of Biochemical 

Oxygen Demand (BOD) 
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4.1 Introduction 

 

Although biochemical oxygen demand (BOD) can be determined by the 

conventional five day (BOD5) method, a high-throughput biosensor system is highly 

desirable for measurement of a large number of samples in environmental and 

process monitoring.  Since the development of the first optical BOD biosensor 

[167], effort has been made on the improvement of the biosensor from remote 

sensing to high-throughput sensing [60, 166-169].  Wong’s group has previously 

reported a scanning sensor system for the analysis of dissolved oxygen and BOD5 

based on optical oxygen sensing [60] but the sensor takes five days for the 

measurement and the procedure is tedious, cumbersome and not suitable for on-line 

monitoring.  Recently, they have introduced a scanning BOD biosensor for rapid 

(20 min) and multi-sample analysis of dissolved oxygen and BOD by scanning the 

excitation light source and the detector fiber optic cable underneath the glass sample 

vials [166].  However, the number of samples for determination is limited to six 

samples at a time.  Moreover, most of the optical oxygen sensors were prepared by 

immobilization of ruthenium dye in silicone rubber, the Stern-Volmer calibration 

curves of these sensors always exhibited non-linear downward curvature which is a 

major drawback in the calibration of sensor. 
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The work reported in this chapter aims to develop a microplate-based 

high-throughput BOD biosensor with ORMOSIL oxygen sensing films for fast and 

reliable BOD measurement.  The high-throughput BOD biosensor was fabricated by 

combining an ORMOSIL oxygen sensing film with a microbial film containing 

Stenotrophomonas maltophilia on a 96-well polystyrene microtiter plate.  This 

high-throughput biosensor platform is easy to calibrate (i.e. linear calibration plot) 

and can be placed in a conventional microplate reader for the BOD determination of 

numerous samples simultaneously.   
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4.2 Experimental Section 

 

4.2.1 Materials 

 

[Ru(dpp)3]Cl2 (dpp = 4,7-diphenyl-1,10-phenanthroline) was synthesized and 

purified in our laboratory according to a literature method[214].  

Tetramethoxysilane (TMOS) (98%), methyltrimethoxysilane (MTMS) (95%), 

dimethoxy dimethylsilane (DiMe-DMOS) (95%) and polyvinyl alcohol (PVA, 

molecular weight 124,000-186,000) were obtained from Aldrich.  Graphite fine 

powder (extra pure) was purchased from Merck.  Nutrient agar, nutrient broth, 

marine broth, D-glucose, tryptone, yeast extract, peptone, beef extract and urea were 

obtained from Sigma.  All other chemicals and reagents were of analytical grade.  

All aqueous solutions were prepared in deionized water (Milli-Q).  Oxygen and 

nitrogen gases (99.7 %) were obtained from Hong Kong Oxygen Company.  

Wastewater samples were collected from the Shatin Sewage Treatment Works of 

Drainage Services Department, Hong Kong.  The bacterium Stenotrophomonas 

maltophilia used in this BOD study was isolated from activated sludge sample from 

the Shatin Wastewater Treatment Plant by Dr. N. Y. Kwok.  This particular strain of 

S. maltophilia was identified by the MIDI Sherlock Microbial Identification System 
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at Microbial ID Inc. (Newark, DE, U.S.A.) and shows a high assimilation activity 

towards simple organics such as glucose and glutamic acid [225]. 

 

4.2.2 Incubation of Stenotrophomonas maltophilia 

 

Single colony of Stenotrophomonas maltophilia was inoculated and spread 

into 100 ml of sterilized medium in a 1-L conical flask by a sterilized platinum wire.  

The above operation was performed with aseptic technique with the assistance of a 

Bunsen flame.  The culture was incubated for about 24 h at 30 °C with shaking at 

250 rpm in a medium containing 1.5 % (w/v) peptone, 1.2 % (w/v) sodium chloride, 

0.5 % (w/v) glucose, 1 % (w/v) tryptone, 0.3 % (w/v) beef extract and 1.9 % (w/v) 

yeast extract.  The culture was centrifuged at 6000 rpm (Beckman Coulter, 

centrifuge model: Allegra 64R, rotor: C0650) for 5 min and washed twice with pH 

7.5 phosphate buffer (0.1 M) before used.  The resulting cell pellet was suspended 

in the phosphate buffer solution before used. 
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4.2.3 Construction of the BOD biosensor  

 

4.2.3.1 Preparation of ORMOSIL oxygen sensing film 

 

The oxygen sensing film and light insulating coating were prepared as 

described in chapter 3 (section 3.2.2).  A solution of [Ru(dpp)3]Cl2 in ethanol (2.85 

mg ml-1) was prepared.  The silica sol was prepared by mixing TMOS, 

DiMe-DMOS, 0.1M HCl and deionized water in the volume ratio of 1.0:2.15:1.7:1.1.  

The sol mixture was stirred at 500 rpm for 3.5 hours at 25 °C in a water bath.  The 

sol was then centrifuged at 7500 rpm (Beckman Coulter, centrifuge model: Allegra 

64R, rotor: C0650) for 4 minutes.  The thickened sol at the bottom of the centrifuge 

tube (1 ml) was pipetted out and thoroughly mixed with 250 µl of the ruthenium 

complex solution.  Portions (32 µl) of the sol-ruthenium mixture was then 

transferred to each well of the microtiter plate and allowed to stand for six days at 

room temperature in dark for gelation and drying.  A layer of graphite-containing 

sol-gel coating was placed on the top of the oxygen sensing film to eliminate 

scattered light and background luminescence from sample solution.  This 

light-insulating coating was prepared by pipetting 15 µl of a mixture of thickened sol 

(1 ml), graphite (0.1 g) and 0.1 M phosphate buffer (pH 7.0, 50 µl) onto the surface 

of each of the gelatinized oxygen sensing film and allowed to stand for another 6 

days.  After gelation, the microtiter plate was stored from direct light before use.  
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4.2.3.2 Construction of microbial film 

 

A sol-gel stock solution was prepared by mixing 0.74 ml TMOS, 0.36 ml 

MTMS and 0.5 ml of 0.01 M HCl.  This silica sol stock solution was allowed to 

stand at room temperature for half an hour.  A silica sol/PVA mixture solution was 

prepared by mixing a PVA aqueous solution (8 % w/w) with the silica sol stock 

solution in the ratio of 2:1 (v/v).  A suitable amount of Stenotrophomonas 

maltophilia was added into the solution mixture.  A minimum amount of the 

resulting mixture, 20 µl, just enough to cover the oxygen sensing film was pipetted to 

the surface of the black graphite layer and allowed to cure at 4 °C for 24 h.  The 

microtiter plate was subsequently stored at 4 °C before use.  A schematic diagram 

of the BOD biosensor is shown in Figure 4.1. 
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Figure 4.1 A schematic diagram of the BOD biosensor. 
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4.2.4 Preparation of standard glucose-glutamic acid (GGA) solution 

 

The standard glucose-glutamic acid (GGA) solution has been commonly used 

as BOD standard in calibration [226-229]. The standard solution was prepared 

according to the Japanese Industrial Standard [230], in which a mixture of 150 mg l-1 

glucose and 150 mg l-1 glutamic acid is equivalent to a BOD5 value of 220 ± 10 mg 

l-1.  The glucose and glutamic acid were dried in an oven at 103 °C for 1 h prior to 

preparation of the standard solution. 

 

4.2.5 Preparation of synthetic wastewater 

 

The synthetic wastewater was prepared according to the Organization for 

Economic Cooperation and Development (OECD) standard [231].  The OECD 

synthetic wastewater contains peptone (1.6 % w/w), meat extract (1.1 % w/w), urea 

(0.3 % w/w), sodium chloride (0.07 % w/w), calcium chloride dihydrate 

(CaCl2·2H2O, 0.04 % w/w), magnesium sulfate heptahydrate (MgSO4·7H2O, 0.02 % 

w/w) and dipotassium hydrogen phosphate (K2HPO4, 0.28 % w/w) in 1 liter of water. 
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4.2.6 Measurement of dissolved oxygen concentration 

 

250 µl diluted standard or wastewater sample (GGA, OECD or domestic) was 

added into the each microwell of BOD biosensor (with immobilized 

Stenotrophomonas maltophilia).  The microtiter plate was then sealed with an 

aluminum microplate sealing foil to minimize the interference from atmospheric 

oxygen.  During assimilation of organic matters in the presence of microorganisms, 

the dissolved oxygen concentration (mg l-1) recorded as luminescence intensity was 

plotted against incubation time (min).  The experiment was completed as the 

oxygen in microwell had been totally consumed by the bacteria at which the 

luminescence intensity would level off.  The conventional 5-day BOD (BOD5) was 

determined by the standard method [165].  All experiments were performed at room 

temperature unless otherwise stated. 
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4.3 Results and Discussion 

 

4.3.1 Optimization of microbial film 

 

The microbial film was prepared by incorporation of the microorganisms into 

a silica/PVA composite material which is biocompatible and shows good adhesion on 

sol-gel surface.  The relationship between the dissolved oxygen (DO) initial 

consumption rate and the amount of microorganisms immobilized in the silica/PVA 

composite material is shown in Figure 4.2.  The optimum loading of immobilized 

Stenotrophomonas maltophilia is about 1.6 mg ml-1 as shown in the figure, which is 

used thereafter.  Further increase in cell loading of the membrane did not improve 

the BOD sensor response, probably because under such circumstances the 

performance of the biosensor is limited by diffusion of organic substrates and 

dissolved oxygen in the microbial layer [166, 168, 232]. 
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Figure 4.2 Effect of cell loading of immobilized Stenotrophomonas maltophilia on 

the initial DO consumption rate as determined by the BOD biosensor at 20 °C and 

pH 7.0 in a GGA standard solution of 20 mg l-1. 
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4.3.2 Calibration of BOD biosensor 

 

Dissolved oxygen (DO) is consumed by microorganisms in the assimilation 

of organic compounds.  For BOD measurement, the initial rate of oxygen 

consumption is correlated with the organic content of the water sample. Typical 

responses of the biosensor with immobilized Stenotrophomonas maltophilia to GGA 

standard solutions and wastewater samples are shown in Figures 4.3 and 4.4.  From 

the plot of DO concentration versus time, the initial rate of oxygen consumption was 

determined from the change in DO concentration in the first 20 min.  The 

calibration curve obtained by plotting the initial oxygen consumption rate against the 

BOD value of the GGA solutions in the presence of immobilized Stenotrophomonas 

maltophilia is shown in Figure 4.5.  A linear relationship between DO consumption 

rate and BOD was observed for BOD values up to about 70 mg l-1.  This BOD 

biosensor shows a comparable good linear measuring range when compare to other 

microbial BOD sensors.  The linear BOD measuring range of the biosensor with 

immobilized Stenotrophomonas maltophilia is compared with other microbes and 

summarized in Table 4.1.  
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Figure 4.3 Typical DO concentration vs. time curves of the biosensor in various 

concentrations of GGA solution. 
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Figure 4.4 Typical DO concentration vs. time curves of the biosensor (with 

immobilized Stenotrophomonas maltophilia) in various sample solutions. 
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Figure 4.5 Calibration plot for the BOD biosensor with immobilized 

Stenotrophomonas maltophilia using GGA standard solutions. 
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Table 4.1 A comparison on BOD measuring range with different microbes. 

Immobilized microbes Measuring range 

(mg l-1 BOD)a

References 

Stenotrophomonas maltophilia 0-70 This work 

Trichosporon cutaneum <60 [228] 

Hansenula anomala 1-45 [233] 

Klebsiella oxytoca AS1 <44 [234] 

Bacillus subtilis 2-22 

0-25 

[235] 

[166] 

Thermophilic bacteria <10 [236] 

Citrobacter sp. + Enterobacter sp. 6-18 [237] 

Multi-species culture (BODSEED) 0-45 [238] 

Activated sludge 0-60 [166] 

a Glucose and glutamic acid (GGA) standard solution. 
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4.3.3 Effects of pH and temperature 

 

The physiological state of microorganisms, especially the respiratory activity, 

depends on pH and temperature [166], the effects of which on the performance of the 

biosensor were investigated for BOD of 20 mg l-1.  The effect of pH on the 

performance of the biosensor was investigated over the pH range 6.0 – 9.0.  As 

shown in Figure 4.6, the optimal pH for Stenotrophomonas maltophilia is 7.5 at 

which the highest dissolved oxygen consumption rate was observed.  The pH 7.5 

phosphate buffer was chosen and all sample solutions were adjusted to pH 7.5 in 

subsequent experiments. 

 

On the other hand, the response of the BOD sensor upon exposure to a GGA 

solution of BOD 20 mg l-1 was studied over the temperature range 25-45 °C.  The 

results for Stenotrophomonas maltophilia are shown in Figure 4.7.  The respiratory 

rate of Stenotrophomonas maltophilia as indicated by the BOD sensor increases with 

temperature from 25 °C to 35 °C.  The oxygen consumption rate dropped when the 

working temperature was above 35 °C.  Apparently, Stenotrophomonas maltophilia 

is inactivated above this temperature.  Similar inactivation by high temperature was 

also observed for Bacillus subtilis [166] and Pseudomonas putida [168]. 
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Figure 4.6 Effect of pH (temperature kept at 25 °C) on the initial DO consumption 

rate of immobilized Stenotrophomonas maltophilia in a GGA standard solution of 

BOD 20 mg l-1. 
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Figure 4.7 Effect of temperature (pH 7.5) on the initial DO consumption rate of 

immobilized Stenotrophomonas maltophilia in a GGA standard solution of BOD 20 

mg l-1. 
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4.3.4 Influence of heavy metal ions on BOD 

 

Heavy metals are most often found in municipal wastewater and the presence 

of heavy metal ions such as Zn2+, Pb2+, Cu2+, Ni2+, Cd2+ and Cr3+ may interfere with 

the activity of microorganisms [166, 239-241].  Therefore, the influence of heavy 

metal ions on BOD measurement was studied.  The influence of heavy metal ions 

on the biosensor response was investigated at a concentration of 3.0 ppm, as most 

heavy metal concentration commonly found in wastewater samples in Hong Kong 

would not exceed this concentration [166].  In this study, Stenotrophomonas 

maltophilia was incubated in a phosphate buffered GGA solution (equivalent to 

BOD5 of 20 mg l-1) in the presence of different heavy metal ions at 3.0 ppm.  The 

influence of various heavy metal ions on BOD measurement by the biosensor are 

tabulated in Table 4.2.  All the heavy metal ions studied show inhibitory effect on 

the microbial activity.  The least inhibition was observed for Ni2+, whereas Zn2+, 

Pb2+, Cu2+, Cd2+ and Cr3+ were strong inhibitors.  The inhibitory effect of various 

heavy metal ions can be ranked in following order: 

Pb2+ > Cd2+ > Cu2+ > Cr3+ > Zn2+ > Ni2+. 
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Table 4.2 Influence of 3.0 ppm heavy metal ion on BOD measurement. 

Metal ion Inhibition (%)*

Zn2+ 11.9 ± 3.6 

Pb2+ 19.2 ± 3.3 

Cu2+ 17.5 ± 7.9 

Ni2+ 6.3 ± 2.5 

Cd2+ 17.6 ± 2.2 

Cr3+ 16.3 ± 2.8 

* Inhibition (%) = [(Rc – Rt) / Rc] x 100% 

where Rc and Rt represent the DO consumption rate of Stenotrophomonas 

maltophilia in the absence of heavy metal ions and in the presence of heavy metal 

ions, respectively. 
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4.3.5 Comparison of BOD values obtained by BOD biosensor and BOD5 method 

 

The BOD values of GGA, OECD synthetic wastewater and domestic 

wastewater obtained by the biosensor were correlated with those obtained by the 

conventional BOD5 method.  The results are summarized in Table 4.3.  It 

illustrates clearly that the BOD biosensor with Stenotrophomonas maltophilia as the 

biological component is well suited for wastewater with simple organic molecules 

and low BOD levels.  The BOD values for both methods are almost identical for 

GGA standards.  On the other hand, domestic wastewater and OECD standard are 

composed of complex organic substrates, and Stenotrophomonas maltophilia cannot 

assimilate the complex molecules in a short time.  Therefore, the BOD values of 

OECD standard and domestic wastewater obtained by the biosensor deviate from 

those obtained by the 5-day test (BOD5 method).  Under such circumstances, the 

BOD biosensor gives consistently lower readings than the conventional BOD5 

method.  This is due to the fact that in such a short measurement time large organic 

molecules are not easily assimilated by the immobilized microbes.  Even though the 

BOD data obtained by the biosensor is not identical to the BOD5, a fairly good 

correlation with the conventional BOD5 could be obtained (Figure 4.8). 
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Table 4.3 Correlation of BOD values obtained by BOD biosensor and BOD5

Sample BOD biosensor 
(mg l-1) 

BOD5  
(mg l-1) 

Ratio  
(BOD biosensor / 

BOD5) 

GGAa 169.0 ± 21.9 157.4 ± 30.8 1.07 

OECDb 1246.5 ± 21.8 1423.3 ± 108.8 0.88 

GGA + OECD 658.2 ± 76.7 727.1 ± 77.5 0.91 

Domestic 

wastewater sample 
154.7 ± 25.5 182.5 ± 46.9 0.85 

a GGA: glucose and glutamic acid (150 mg l-1 each). 

b OECD synthetic wastewater contains peptone 0.16 % (w/v), meat extract 0.11 % 

(w/v), urea 0.03 % (w/v), NaCl 0.007 % (w/v), CaCl2·2H2O 0.004 % (w/v), 

MgSO4·7H2O 0.002 % (w/v), K2HPO4 0.028 % (w/v). 
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Figure 4.8 Correlation of BOD values evaluated by the BOD biosensor with those 

obtained by the BOD5 method.  The solid lines in the figures represent the lines of 

unit gradient (slope of 1).   
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4.3.6 Stability and service life 

 

The activity of microbial film in this biosensor had been studied for one 

month and it was stored in the presence of phosphate buffered GGA solution (100 mg 

l-1, pH 7.5) at 4 °C.  The stability of the biosensor over 30 days was determined in 

the presence of GGA solution (20 mg l-1) at 25 °C and pH 7.5.  The results are 

summarized in Figure 4.9.  As shown in the figure, the activity of the microbial film 

slowly deteriorates upon long-term storage, which is probably due to the gradual 

lysing of the microbial cells.  The BOD biosensor was found to retain about 89% of 

its initial activity for Stenotrophomonas maltophilia after 8 days and the activity 

decreased to 46 % of its initial activity after 30 days.  When compared with the 

stability and service life among microbes, Stenotrophomonas maltophilia (46 % after 

30 days) has a slightly longer service life than that of Pseudomonas fluorescens bv.V 

(34 % after 30 days) [232] and bacterial mixed culture (Citrobacter sp. + 

Enterobacter sp.) (33 % after 20 days) [237].  However, its service life is shorter 

than that of activated sludge (77 % after 30 days) and Bacillus subtilis (88 % after 30 

days) [166].   Therefore, this BOD biosensor should be used within one week after 

preparation.   

 

 156



 

 

 

0 5 10 15 20 25 30
0.00

0.05

0.10

0.15

0.20

0.25

0.30

D
O

 c
on

su
m

pt
io

n 
ra

te
 (m

g 
l-1

 m
in

-1
)

Day

 

 

 

Figure 4.9 The DO consumption rates of the microbial films for immobilized 

Stenotrophomonas maltophilia over a period of 30 days at 20 °C and pH 7.5 in a 

GGA standard solution of 20 mg l-1. 
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4.4 Concluding Remarks 

 

A high-throughput BOD biosensor was constructed by immobilizing 

Stenotrophomonas maltophilia in ORMOSIL-PVA composite material.  The 

dissolved oxygen consumption rate as recorded by the biosensor increases linearly 

with the BOD concentration up to about 70 mg l-1.  The BOD values determined by 

this biosensor correlate well with those obtained by the conventional BOD5 method.  

This BOD biosensor can determine a large number of wastewater samples in 

environmental and on-line process monitoring within a relatively short period of time 

with better precision than the BOD5 method.  
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Chapter 5 

 

Organically Modified Silicate (ORMOSIL) Films on Microtiter Plate 

for the Construction of Carbohydrate Microarrays 
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5.1 Introduction 

 

Carbohydrate-protein interaction plays an important role in biological 

processes such as cell-cell communication, cell adhesion, inflammation and tumor 

cell metastasis [208].  As a result, the investigation of biological processes and drug 

design can be assisted by understanding the molecular basis of carbohydrate-protein 

interactions [208].  However, current methods for carbohydrate-protein interaction 

studies such as X-ray crystallography, NMR spectroscopy, surface plasmon 

resonance (SPR) and isothermal titration calorimetry (ITC) do not allow rapid 

screening of libraries of biological compounds to assess the carbohydrate-binding 

properties of their constituent [242].  Therefore, a high-throughput analytical tool 

for carbohydrate-protein interaction screening in the microarrays format is highly 

desirable.  Up to date, most of the carbohydrate arrays were fabricated on glass 

slides which need sophisticated instruments for signal detection and carbohydrate 

spots pinning [195, 202, 204, 206-208].  So far, the development of carbohydrate 

arrays is mainly focused on attachment (or immobilization) of carbohydrates on glass 

or other substrates.  The immobilization techniques included the non-covalent 

immobilization (early carbohydrate arrays) and covalent immobilization in the more 

recent carbohydrate arrays.   
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 This chapter is aimed at the development of a high-throughput 

microplate-based carbohydrate sensor for carbohydrate-protein interaction study.  

Although microtiter plates provide a convenient means for high-throughput screening, 

the polystyrene surface is difficult to modify for the immobilization of carbohydrates.  

In this study, microtiter plate was firstly modified by sol-gel and the carbohydrates 

were then immobilized covalently on the sol-gel layer through a simple chemical 

reaction.  Therefore, the construction of a high-throughput carbohydrate array 

sensor by a simple, convenient and low-cost method was achieved and it can be 

made in most laboratories.  
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5.2 Experimental Section 

 

5.2.1 Materials 

 

Tetramethyl orthosilicate (TMOS, 98%), dimethoxy dimethylsilane 

(DiMe-DMOS, 95%), 3-(triethoxysilyl)propyl isocyanate (TESPI, 95%) and 

D-lactose Monohydrate (ACS reagent) were purchased from Aldrich.  D-mannose 

(99%), D-glucose (ACS reagent), D-galactose monohydrate (99%), albumin from 

bovine serum (BSA, lyophilized powder, 96%) and polyethylene glycol sorbitan 

monolaurate (Tween 20) were obtained from Sigma.  Fluorescein-labeled lectins 

(fluorescein isothiocyanate conjugate-lectin, FITC-lectins) were used in this study.  

Fluorescein-labeled Concanavalin A (FITC-ConA) and Erythrina cristagalli 

(FITC-EC) were purchased from Vector Laboratories Inc..  The lectin inhibitors, 

anti-ConA and methyl α-D-mannopyranoside, were obtained from Sigma.  Microtiter 

plates (no. 3603, 96 wells, flat clear bottom black polystyrene, TC-treated) were 

obtained from Corning.  All aqueous solutions were prepared in double deionized 

water (Milli-Q).  All other chemicals and solvents were analytical-reagent grade 

and were used without further purification. 
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5.2.2 Synthesis of glycosylamines 

 

A total of 4 glycosylamines were synthesized from mono- and di-saccharides 

according to a literature procedure [243] as shown in Scheme 5.1.  0.2 M of the 

corresponding reducing sugar (D-mannose, D-glucose, D-galactose and D-lactose) 

was mixed with 0.2 M ammonium hydrogen carbonate and dissolved in aqueous 16 

M ammonia.  The mixture was heated at 42 ℃ for 36 h.  This solution was then 

concentrated to half volume and freeze-dried.  The D-mannosylamine, 

D-glucosylamine, D-galactosylamine and D-lactosylamine were stored in a 

desiccator.  The structures of the glycosylamines are given in Table 5.1.   
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Table 5.1 A summary of the structure of glycosylamines in this study. 

Glycosylamine Structure 

D-mannosylamine O
OH

HO
HO

NH2

HO

 

 

D-glucosylamine 
O

OH

NH2
OHHO

HO

 

 

D-galactosylamine 
O

OH

OHHO

HO

NH2

 

 

D-lactosylamine 
O

OH

OHHO

O
OH

O
OHHO

HO

NH2
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5.2.3 Fabrication of carbohydrate microarrays on microtiter plate 

 

The carbohydrate microarrays were fabricated by coating an ORMOSIL film 

on the microtiter plate with a 3-(triethoxysilyl)propyl isocyanate linker followed by 

covalent bonding to the carbohydrate as shown in Figure 5.1.  Details of the sensor 

fabrication are given in the sections below. 
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5.2.3.1 Preparation of transparent ORMOSIL films with the 

3-(triethoxysilyl)propyl isocyanate (TESPI) linkers 

 

Firstly, a transparent ORMOSIL film was coated on the microtiter plate. The 

ORMOSIL film was prepared by a sol mixture of TMOS, DiMe-DMOS, 0.1M HCl 

and deionized water in the volume ratio of 1.0:2.0:1.7:1.1.  The sol mixture was 

stirred at 500 rpm for 3.5 h at 25 °C in a water bath.  The sol was then centrifuged 

at 7500 rpm (Beckman Coulter, centrifuge model: Allegra 64R, rotor: C0650) for 4 

minutes.  The thickened sol at the bottom of the centrifuge tube (1 ml) was pipetted 

out and thoroughly mixed with 250 µl of absolute ethanol.  Portions (32 µl) of the 

clear sol mixture were then transferred to each well of the microtiter plate and 

allowed to stand for six days at room temperature for gelation and drying.  

 

After the ORMOSIL film has dried, the linker 3-(triethoxysilyl)propyl 

isocyanate (TESPI) was immobilized onto the transparent ORMOSIL film.  The 

TESPI was pre-hydrolyzed by mixing water and 0.01M HCl in the volume ratio of 

1.0:2.0:0.2.  The TESPI mixture was stirred at 500 rpm for 2 h at 25 °C in a water 

bath.  The TESPI mixture was then centrifuged at 10000 rpm (Beckman Coulter, 

centrifuge model: Allegra 64R, rotor: F2402) for 10 minutes.  The thickened sol at 
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the bottom of the centrifuge tube (1 ml) was pipetted out and portions (5 µl) 

transferred to each well of the microtiter plate.  This TESPI layer condensed with 

the surface hydroxyl groups on the ORMOSIL film, forming a silane polymer at the 

surface of the ORMOSIL layer [220, 244].  The TESPI layer was allowed to stand 

for 24 h at room temperature for complete polymerization of the silane.  

Subsequently, each well of the microtiter plate was washed by ethanol (5 times) to 

remove any excess free monomer. 

 

5.2.3.2 Immobilization of carbohydrate on microtiter plate 

 

The corresponding glycosylamine (D-mannosylamine, D-glucosylamine, 

D-galactosylamine and D-lactosylamine) was covalently immobilized on the 

microtiter plate via urea formation between the isocyanate group of 

3-(triethoxysilyl)propyl isocyanate (TESPI) and the amino group of the 

glycosylamine [199, 245-247] as shown in Figure 5.1.  Glycosylamine solutions 

were pipetted into the well of the TESPI-coated microtiter plate and stored for 24 h 

to allow complete reaction of glycosylamine with TESPI.  The microtiter plate was 

then washed 5 times with deionized water (Milli-Q). 
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5.2.4 Instrumentation 

 

All luminescence measurements were conducted on a BMG Labtech 

POLARstar microplate reader connected to a microcomputer.  The wavelength of 

bandpass filters used for excitation and emission were centered at 490 nm and 520 

nm respectively.  The luminescence intensity was measured in the bottom plate 

reading configuration and at room temperature. 

 

5.2.5 Investigations of carbohydrate-lectin interactions with carbohydrate 

sensor 

 

5.2.5.1 Screening of lectin-binding patterns 

 

To study the carbohydrate-lectin interactions and to screen lectin-binding 

patterns, a microtiter plate with various glycosylamines has been prepared as in 

section 5.2.3.2.  Each well of microtiter plate containing different carbohydrates 

was then treated with 3% bovine serum albumin (BSA) in phosphate buffered saline 

(PBS, pH 6.8) containing 0.2% Tween 20 to minimize nonspecific binding of 

proteins on the surface [207, 208].  Next, the BSA-treated wells were probed with 
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solutions of the fluorescein-labeled lectins (40 µl of 10 µg ml-1) such as FITC-ConA 

and FITC-EC in PBS containing 0.1% Tween 20 for 1 h.  After extensive washing 

(five times with PBS containing 0.1% Tween 20 for 10 minutes) of the lectin-probed 

microtiter plate, 40 µl of PBS was added to each well and lectin binding was detected 

by measuring the fluorescence on a microplate reader. 

 

5.2.5.2 Optimization of carbohydrate concentration for lectin-binding 

 

To study the effects of the concentration of immobilized carbohydrates on the 

subsequent protein binding, various concentrations (40 µl of 0 to 558 mM) of 

glycosylamines were pipetted into the wells of the TESPI-treated microtiter plate.  

The microtiter plate was allowed to stand for 24 h and each well was then washed 5 

times by deionized water (Milli-Q).  After that, each well of microtiter plate 

containing different concentrations of carbohydrate was treated with 3% bovine 

serum albumin (BSA) in phosphate buffered saline (PBS, pH 6.8) containing 0.2% 

Tween 20.  The BSA-treated wells were then probed with solutions of the 

FITC-labeled lectins (40 µl of 10 µg ml-1) such as FITC-ConA and FITC-EC in PBS 

containing 0.1% Tween 20 for 1 h.  After extensive washing (five times with PBS 

containing 0.1% Tween 20 for 10 minutes) of the lectin-probed microtiter plate, 40 
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µl of PBS was added in each well and lectin-binding was detected and quantitated by 

the microplate reader. 

 

5.2.5.3 Study of the effect of ConA inhibitors on ConA-mannosylamine binding 

 

To study the effect of inhibitions on lectin binding with the carbohydrate sensor, 

each well of the microtiter plate was immobilized with 112 mM mannosylamine and 

then treated with 3% bovine serum albumin (BSA) in phosphate buffered saline 

(PBS, pH 6.8) containing 0.2% Tween 20.  The BSA-treated wells were then 

probed with solutions of FITC-ConA (20 µl of 20 µg ml-1) in PBS containing 0.1% 

Tween 20 with various concentrations of ConA inhibitor (anti-ConA or methyl 

α-D-mannopyranoside) (20 µl) for 1 hour.  After extensive washing (five times with 

PBS containing 0.1% Tween 20 for 10 minutes) of the microtiter plate, 40 µl of PBS 

was added to each well and detected by the microplate reader.   
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5.3 Results and Discussion 

 

5.3.1 Carbohydrate-lectin interactions 

 

We have immobilized four amino-carbohydrates on the microtiter plate with 

ORMOSIL modification.  The lectin-binding patterns have been investigated with 

the microplate-based carbohydrate sensor with immobilized mannose, glucose, 

galactose and lactose.  The effect of the concentration of immobilized carbohydrates 

on lectin-binding has been studied. 

 

5.3.1.1 Lectin-binding patterns 

 

 Four different carbohydrates were immobilized on microtiter plate and probed 

with the fluorescein-labeled lectins, Concanavalin A (FITC-ConA) and Erythrina 

cristagalli (FITC-EC), for the investigation of lectin-binding patterns. 

 

As expected, only the microwells that contained mannose and glucose 

showed fluorescent signals after probing with FITC-ConA, whereas fluorescence of 

FITC-EC was observed only in the lactose-containing microwells.  The results are 
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summarized in Figure 5.2 and 5.3.  Besides, Figure 5.2 shows that ConA lectin 

binds mannose more effectively than glucose.  The results obtained by the 

carbohydrate sensors revealed that ConA is a mannose and glucose binding lectin 

and EC is a lactose binding lectin.  These results are consistent with those 

previously reported [183, 248, 249].  On the other hand, our results illustrated that 

the carbohydrates were immobilized successfully on the microwell through the 

urea-formation reaction.  Therefore, this carbohydrate sensor can be used for 

screening of different carbohydrate binding proteins.  However, it is known that the 

binding affinity of lectins for carbohydrates on the sensors depends on the length of 

linker [207, 208].   Figure 5.3 shows the lactose connected in this length of linker 

(TESPI) only bound to FITC-EC weakly, thus TESPI may not be the best linker for 

FITC-EC binding though it is good for FITC-ConA binding.  As a result, further 

investigations on lectin binding were only performed on FITC-ConA and mannose. 
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Figure 5.2 Carbohydrate sensors probed with FITC-ConA. 
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Figure 5.3 Carbohydrate sensors probed with FITC-EC. 

 175



5.3.1.2 The effect of carbohydrate concentration used in immobilization on 

lectin-binding 

 

 The carbohydrate sensor was also used to study the effect of concentration 

of carbohydrate used in the immobilization process on lectin-binding.  As shown in 

Figure 5.4, the binding affinity of ConA for mannose increases with the 

concentration of the immobilized carbohydrate.  The higher the immobilized 

carbohydrate concentration, the more is the bound lectin and as a result, the higher is 

the fluorescent signal. 
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Figure 5.4 Sensors immobilized with different concentrations of mannosylamine and 

probed with FITC-ConA.  The inset shows the increase in FITC-ConA fluorescence 

intensity from mannosylamine concentration of 0 to 28 mM. 
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5.3.2 Inhibition on carbohydrate-lectin binding 

 

The inhibition on carbohydrate-lectin interaction by anti-ConA and methyl 

α-D-mannopyranoside have also been carried out on this carbohydrate sensor.  The 

IC50 values of anti-ConA and methyl α-D-mannopyranoside to inhibit 50 % of lectin 

binding to carbohydrate were determined.  A microtiter plate with mannosylamine 

was incubated with a series of solution mixtures of FITC-ConA (10 µg ml-1) and 

anti-ConA (or methyl α-D-mannopyranoside) for 1 h.  After extensive washing of 

the microtiter plate, the fluorescence intensity was measured to quantify the amount 

of bound lectin.  The dose-dependent inhibition curves for anti-ConA and methyl 

α-D-mannopyranoside are plotted in Figures 5.5 and 5.6 respectively.  As shown in 

the figures, the IC50 values (concentration which inhibits 50% binding) of anti-ConA 

and methyl α-D-mannopyranoside were determined to be 0.47 mg ml-1 and 0.27 mg 

ml-1, respectively.   
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Figure 5.5 Determination of IC50 of anti-ConA to inhibit 50 % of ConA binding to 

mannose. 
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Figure 5.6 Determination of IC50 of methyl α-D-mannopyranoside to inhibit 50 % of 

ConA binding to mannose. 
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5.4 Concluding Remarks 

 

A simple, convenient and new method for the fabrication of high-throughput 

carbohydrate sensors on polystyrene microtiter plates has been presented.  Both 

mono- and di-saccharides were successfully immobilized on microtiter plate via 

covalent linkage.  The lectin-carbohydrate bindings depend on the concentration of 

carbohydrate and the length of the linker.  In the carbohydrate screening for ConA 

and EC, the binding of EC with lactose is weak and this is probably due to the length 

of the linker.  In the future, it will be interesting to synthesize different linkers for 

glycosylamines with different lengths.  The IC50 values of inhibition for the 

carbohydrate-binding proteins can also be determined using this sensor microarray. 
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Chapter 6 

 

Conclusions 
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With the ever increasing number of samples in environmental, medical and 

biochemical studies, a high-throughput system is highly desirable for multi-sample 

and multiparameter analysis with small sample volumes.  Microtiter plate offers an 

excellent platform for high-throughput systems.  In this study, polystyrene 

microtiter plates have been successfully modified into high-throughput (bio)sensors 

for various purposes. 

 

A simple and convenient method for the fabrication of ORMOSIL oxygen 

sensors on polystyrene microtiter plates has been described.  The ORMOSIL 

oxygen sensors were prepared by entrapping [Ru(dpp)3]2+ into a porous sol-gel 

matrix of tetramethoxysilane (TMOS) with the organosilicate precursor, dimethoxy 

dimethylsilane (DiMe-DMOS).  The oxygen sensors show good adhesion on the 

polystyrene microtiter plate, high sensitivity (quenching ratio or quenching response) 

and yield linear Stern-Volmer plots for simple two-point calibration.  The surface of 

the ORMOSIL oxygen sensor allows the easy adhesion of enzymatic or microbial 

hydrogel films, which is a distinct advantage over the conventional silicone rubber or 

polystyrene based oxygen sensors.  

 

The application of this high-throughput oxygen sensing microplate in 
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cell-based screening assays for IC50 determination has been demonstrated.  The 

effect of two antimalarial drugs chloroquine and quinacrine on a heterologous yeast 

model with yeast strains of different drug resistance levels have been investigated.  

The IC50 values obtained by the high-throughput oxygen sensors were in good 

agreement with the conventional cell densitometry assay (OD595 method). 

 

In addition, the ORMOSIL oxygen sensors have been modified into 

high-throughput BOD biosensors for multi-sample determination of BOD.  The 

BOD biosensors were prepared by immobilizing a particular strain of 

Stenotrophomonas maltophilia onto the ORMOSIL oxygen sensors.  This particular 

strain shows a relatively high assimilation ability (linear measuring range) towards 

GGA standard (70 mg l-1) compared with other microorganisms.  The performance 

of the microbial films was found to be dependent on cell loading, temperature and 

pH and heavy metals.  The BOD biosensors with immobilized Stenotrophomonas 

maltophilia showed a good correlation of BOD values (especially for GGA solutions) 

with the conventional 5-day test. 

 

The ORMOSIL surface is easy to modify which allows easy conversion of 

the microtiter plate into various high-throughput sensor arrays.  A high-throughput 
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microplate-based carbohydrate sensor on ORMOSIL modified microtiter plate has 

been constructed with a simple, convenient and low-cost method for 

carbohydrate-protein interaction study.  A layer of TESPI-ORMOSIL film was 

prepared by coating a layer of 3-(triethoxysilyl)propyl isocyanate (TESPI) onto a 

transparent ORMOSIL film.  Aminated carbohydrates were covalently immobilized 

onto the TESPI-ORMOSIL film on microtiter plates, in which high-throughput 

carbohydrate-lectin interactions were studied.  The microplate-based carbohydrate 

sensors are useful for high-throughput analysis of carbohydrate-protein binding 

patterns and inhibitor screening (IC50 determination). 

 

Since oxidase enzymes are useful for assays of various clinically and 

environmentally important substrates, it is believed that various high-throughput 

enzyme-based biosensors can be developed in combination with suitable enzymes 

such as glucose oxidase and amino acid oxidase on the ORMOSIL oxygen sensors in 

the future.  These high-throughput oxidase-based biosensors can be fabricated by 

immobilizing the oxidase enzyme in polyvinyl alcohol/sol-gel composite over the 

ORMOSIL oxygen sensing film, in which specific analytes can be quantified by 

measuring the dissolved oxygen consumption rate. 
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As the effectiveness of carbohydrate-protein interaction in carbohydrate 

microarrays is expected to depend on the length of linkers connecting the 

carbohydrate and the substrate surface, linkers (e.g. TESPI) of different length for 

aminated carbohydrates can be used to improve the developed high-throughput 

microplate-based ORMOSIL carbohydrate sensor.  Besides, the aminated 

carbohydrates can also be synthesized with different carbon chain lengths.  Some 

interesting linkers and aminated carbohydrates are listed in Table 6.1.  These 

ORMOSIL carbohydrate sensors with expected improved sensitivity can probably be 

applied in larger lectins such as Erythrina cristagalli (EC) and other larger 

carbohydrate binding proteins. 
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Table 6.1 Structures of proposed linkers and aminated carbohydrate. 

Linkers Aminated carbohydrate 
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