
 
 

UNIVERSITY OF KALMAR 

Faculty of Natural Sciences 

Dissertation Series No 42 

 
 
 

Development of Fluorescence-based Immunosensors 
for Continuous Carbohydrate Monitoring 
– Applications for Maltose and Glucose 

 
 

 

Henrik Engström 

2007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

School of Pure and Applied Natural Sciences 

UNIVERSITY OF KALMAR 

SWEDEN 

ISSN 1650-2779 

ISBN 978-91-89584-75-4 



 ii

Doctoral thesis 

Development of  Fluorescence-based Immunosensors 
for Continuous Carbohydrate Monitoring 

– Applications for Maltose and Glucose 
 

Henrik Engström 

2007 

 

 

 

School of Pure and Applied Natural Sciences 

UNIVERSITY OF KALMAR 

SWEDEN 

 

 
Akademisk avhandling 

 
som för avläggande av filosofie doktorsexamen i biokemi vid Naturvetenskapliga 

Fakulteten vid Högskolan i Kalmar, kommer att offentligen försvaras i 
hörsalen (N2007) på Norrgård (Smålandsgatan 24) 5 oktober kl. 09.00 

 
 

Fakultetsopponent 
 

Prof. Dr. Christopher Lowe, University of Cambridge, England 



Document name 
Doctoral Dissertation 
Date of issue 
2007-08-01 

Organization 
University of Kalmar 
School of Pure and Applied Natural Sciences 
SE-39182 Kalmar 
Sweden 

Author 
Henrik A. Engström 

Sponsoring organization 
University of Kalmar, Sweden 

Title and subtitle 
Development of Fluorescence-based Immunosensors for Continuous Carbohydrate Monitoring 

– Applications for Maltose and Glucose 

Abstract 
Weak affinity interaction of monoclonal antibodies and carbohydrate antigens can be detected and 
quantified by alterations in the antibodies´ intrinsic tryptophan fluorescence. These weak/transient 
binding events have been monitored by total internal reflection fluorescence (TIRF) by facilitating the 
change in intrinsic tryptophan fluorescence. This immunosensor followed instant changes in the antigen 
concentration with rapid association- and dissociation rate constants reaching equilibrium in a short time, 
without the need for regeneration. Furthermore, in a competition assay with extrinsic fluorescence 
labeling, it was established that Förster/fluorescence resonance energy transfer (FRET) can be applied for 
weak and transient interactions. By entrapping components in small semipermeable capsules, a 
convenient flow system was fabricated allowing on-line measurements of maltose. Quantification of 
maltose concentration was achievable in the mM-range without need for regeneration. High specificity for 
maltose was exhibited in crude food-samples with quantification in accordance with batch analysis. 

Furthermore, a monoclonal antibody was developed for potential use as a glucose immunosensor for 
diabetes. Its ability to interact with glucose was determined by competitive weak affinity chromatography 
(WAC) to approximately 19 mM in dissociation constant. This antibody was developed to bind 
monosaccharides, especially glucose, by utilizing cross-reaction with a carbohydrate dextran polymer. 
Selectivity for glucose was greater than for the similar monosaccharides, mannose and galactose. This 
antibody, or a fragment, in a fluorescence platform is an alternative to monitor glucose in vivo where other 
glucose-binders might fail.  

Key words 
Carbohydrate, diabetes, fluorescence resonance energy transfer, fluorescence spectroscopy, glucose, 
immunosensor, maltose, total internal reflection fluorescence, weak affinity chromatography. 
Classification system and/or index terms 

Supplementary bibliographical information Language 
English 

ISSN and key title 
1650-2779 

ISBN 
978-91-89584-75-4 

Number of pages 
126 

Price 
$40.00  

Recipient’s notes 

Security classification 
 

 
Distribution by: Henrik A. Engström, School of Pure and Applied Natural Sciences, University of Kalmar, 
SE-391 82 Kalmar, Sweden. 
 
I the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, 
here by grant to all reference sources permission to publish and disseminate the abstract of the 
above-mentioned dissertation. 
 
 
Signature:                                                                                            Date: 2007-07-23



 
 
 
 
 
 
 
 

till er som fyller mitt hjärta med glädje 
 



 
 
 
 
 
 
 
 

Leave this world a little better than you found it 
(Sir Robert Baden-Powell) 

 
 
 
 
 
 
 
 
 
 
 

Front cover illustration: Schematic overview on a semipermeable capsule containing 
entrapped components for continuous maltose monitoring by fluorescence resonance 
energy transfer (see Paper III).  

 
 
 
 

 
Copyright © Henrik A. Engström, Kalmar 2007 
Printed by: Högskolans tryckeri i Kalmar 
 
ISSN 1650-2779 
ISBN 978-91-89584-75-4



Populärvetenskaplig sammanfattning 
 

Att känna igen en motståndare är viktigt i många sammanhang, inte minst i kroppens 

immunförsvar som är utvecklat för att angripa främmande ämnen i kroppen. 

Antikroppen spelar en central roll i immunförsvaret där den lär sig att känna igen sin 

motståndare (antigen) och därmed binda sitt antigen. De antikroppsproducerande 

cellerna kan användas i laboratoriet för att producera antikroppar som härstammar från 

försöksdjur. I denna avhandling har antikroppar använts som binder betydligt svagare till 

antigenet än vad man i de flesta analyser använder sig av för att t.ex. detektera sjukdomar. 

Antikroppar som binder till olika typer av socker, däribland maltsocker (maltos) och 

blodsocker (glukos) har studerats. Dessa antikroppar har använts för att undersöka hur 

hårt de binder till sitt antigen beroende på temperatur och om antikropparna kan känna 

igen liknande motståndare (korsreaktivitet). Fördelen med dessa svaga bindningar är att 

antikroppen snabbt kan binda in och släppa sitt antigen istället för att nästan permanent 

sitta på sitt antigen, som vid starka bindningar. Bindningens styrka (affinitet) har i 

avhandlingen studerats med hjälp av fluorescensteknik och affinitets-separation. Den 

maltosbindande antikroppen har använts tillsammans med fluorescensteknik för att 

designa två olika biosensorer (immunosensorer). Immunosensorerna kan mäta 

förändringen av maltoskoncentration över tid, vilket är attraktivt i t.ex. 

livsmedelsindustrin när man vill mäta maltoshalten kontinuerligt under tillverkningen. 

Den glukosbindande antikroppen har använts i affinitets-separation för att bestämma 

dess affinitet mot glukos och olika polymerer av glukos. En glukosbindande antikropp är 

åtråvärt för att t.ex. kontinuerligt mäta koncentrationen av blodsocker genom huden hos 

diabetiker och därmed minska antalet blodprover man idag behöver ta.  
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ABBREVIATIONS 

 

(Glc)4 tetraglucose (Glc α1–6Glc α1–4Glc α1–4Glc) 
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A Antigen 
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GOPS 3-glycidoxypropyltrimethoxysilane 
Gox glucose oxidase  
HPLC high performance liquid chromatography 
IC50 inhibitory concentration at 50% response 
Ig immunoglobulin  
Ka association constant (M–1) 
Kd dissociation constant (M) 
KLH keyhole limpet hemocyanin 



 3
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v vibrational level 
VR retention volume 
WAC weak affinity chromatography 
YFP yellow fluorescent protein 
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1. INTRODUCTION 

 

1.1. BACKGROUND 

 

In the 1970s Köhler and Milstein described a method for producing monoclonal 

antibodies (Köhler and Milstein, 1975) for which they were awarded the 1984 Nobel 

Prize in medicine. This finding is based on the fact that each B-lymphocyte produces only 

one antibody type with a single specificity. Since B-lymphocytes are unable to grow in 

vitro, Köhler and Milstein fused an antibody producing mouse B-cell with an immortal 

tumor-derived B-cell (myeloma) with no antibody production resulting in an antibody-

producing hybridoma. This hybridoma is therefore immortal and produces the same 

monoclonal antibody as the original B-cell. Since antibodies can be generated to 

recognize almost any target, this technique is used in numerous applications to detect 

diseases or other conditions. 

 

In in vivo biological systems, molecular recognitions are often based on weak affinity 

(defined in this thesis by an association constant; Kd > 10–6 M) and can work in concert 

to trigger biological responses. For example, the pentameric structure of IgM is important 

in primary immune responses because of an ability to agglutinate with its antigen. Weak 

affinity interactions are dynamic by virtue of reversible binding and adaptation in 

changing environments due to rapid dissociation rate constants. These weak affinity 

interactions and changing environments facilitate development of techniques for 

continuously monitoring antigens that have instant concentration changes without 

regeneration of binding sites.  

 

To detect when an antibody binds to its target different fluorescence techniques have 

been useful (Lakowicz, 1999). Many substances such as antibodies and other proteins 

exhibit fluorescent properties due to aromatic structures in three different amino acids. 

Tryptophan is one such amino acid and its fluorescence properties change depending on 

micro-environmental changes upon binding. In addition to this type of intrinsic 
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fluorescence, molecular labeling can be used to give antibodies other fluorescence 

properties. Some 60 years ago Förster described the correct theoretical basis for the 

phenomenon of resonance energy transfer and its importance in photosynthesis (Förster, 

1946) where energy is transferred between chlorophyll molecules to the photo-reaction 

center. If the donor molecule transfers energy to an acceptor molecule with fluorescence 

properties, this phenomenon can be utilized in Förster/fluorescence resonance energy 

transfer (FRET) assays. For example, binding events between antibody and antigen can 

be visualized by fluorescence labeling with a donor–acceptor pair. This technique has 

been developed into a very sensitive detection technique.  

 

 

1.2. AIM OF THIS THESIS 

 

The major objectives for this thesis are: 

 

to characterize binding of carbohydrate haptens (maltose and glucose) to weak affinity 

monoclonal antibodies. 

 

to demonstrate that continuous sensing by utilizing weak affinity antibodies can be 

applied to fluorescence spectroscopy by using techniques such as total internal reflection 

fluorescence and/or fluorescence resonance energy transfer. 

 

to utilize fluorescence techniques for the development of continuous immunosensors, 

where smart labeling of receptors and design of flow-through cells are crucial. 

 

to develop a sensor with the ability to monitor continuously, in real-time, carbohydrate 

molecules bound to specific antibodies showing weak affinity. 
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1.3. OVERVIEW OF APPENDED PAPERS 

 

The appended papers focus on monoclonal antibodies and their weak affinity against 

different carbohydrates (Papers I-IV), as well as how to continuously quantify changes 

in carbohydrate concentrations (Papers II-III). The methods used in these papers are 

fluorescence spectroscopy (Papers I-III) and weak affinity chromatography (Paper IV). 

Fundamental spectroscopy studies using different antibodies showing change in intrinsic 

tryptophan fluorescence, when interacting with different carbohydrates (maltose and 

panose), were presented in Paper I. Antibodies with different affinities for maltose and 

panose were determined using simple and fast titration in a cuvette. Knowledge from this 

paper was used to develop an immunosensor based on total internal reflection 

fluorescence (TIRF) (Paper II). This TIRF-based immunosensor was able to measure 

several different carbohydrate concentrations continuously without need of regenerating 

active sites on immobilized antibodies. Detection using this immunosensor (Paper II) 

was achieved by using intrinsic tryptophan fluorescence from the antibodies which 

increases upon interaction with corresponding carbohydrates (Paper I). A viable 

alternative for carbohydrate monitoring in crude samples was further developed by 

utilizing fluorescence resonance energy transfer (FRET) in a competitive assay (Paper 

III). This FRET immunosensor, with a fluorescence-labeled donor–acceptor pair in the 

near infrared region, and in competition with free maltose, exhibited the ability to 

monitor correct concentrations of maltose in crude samples of oat drinks. Encapsulation 

of the donor–acceptor pair within a semipermeable membrane gave a non-consuming 

immunosensor with maltose detection in the mM-range. Remote sensing in this system is 

possible since use of fluorescence wavelengths in the near infrared region has the ability 

to measure through highly scattering samples like human tissue. Paper IV discusses 

development of a monoclonal antibody with affinity for glucose as a new candidate for 

diabetes monitoring. This antibody was raised against low-molecular-weight dextran and 

showed cross-reactivity with glucose (approximately 19 mM in dissociation constant). 

Antibodies with affinity for glucose have potential to be viable alternatives for glucose 

monitoring in diabetic patients using a principle similar to that discussed in Paper III.  
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2. WEAK AFFINITY ANTIBODY–CARBOHYDRATE INTERACTIONS 

 

The ability of molecules to interact with each other is usually described in terms of 

affinity that is a relative term further defined as strong or weak. In this thesis, weak (or 

low) affinity (or transient interactions) is defined as having an affinity value (dissociation 

constant) > 10–6 M. In most weak affinity chromatography, affinities in the range of 10–2 

to 10–5 M can usually be determined but in the field of biosensors other characteristics 

are also significant, such as rapid dissociation rates (off-rates) if the biosensor is working 

continuously. Clearance of occupied sites within a few seconds is sometimes desirable if 

fast concentration changes are to be monitored. Antibodies with affinities against 

carbohydrates, especially small saccharides, usually have low affinity. Therefore, 

development of weak affinity antibodies, or fragments thereof, must include both new 

screening methods and tools for characterization since many extant methods are based 

on high affinity. For example, weak affinity chromatography was developed and used for 

screening of transient binding antibodies in ascites (Leickt, Grubb et al., 1998). 

 

 

2.1. STRUCTURE AND FUNCTION OF ANTIBODY 

 

Antibodies or immunoglobulin (Ig) are present in blood plasma and other tissues, and are 

central to the immune system by distinguishing self from non-self. Any molecule capable 

of producing an immune response by binding to an antibody is called an antigen. A 

complex antigen can give rise to spectrum of different antibodies when individual 

antibody binding sites (paratopes) interact with a particular molecular structure within the 

whole antigen, called the epitope. Antibodies with molecular weights of approximately 

150 kDa are one of the most studied proteins; they are composed of two heavy (50 kDa) 

and two light chains (25 kDa) forming the well-known Y-shape, as seen in Figure 2.1:1. 

This Y-form is held together with disulfide bridges and non-covalent forces which then 

forms three major domains, the two identical Fab (antigen binding fraction) fragments 

and the Fc (crystallizable fraction) domain (Padlan, 1994). There are five different classes 
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or isotypes of antibodies in humans called IgA, IgD, IgE, IgM and IgG, which are further 

classified into subclasses such as IgG1. The most abundant antibody is IgG, but all classes 

are used in adaptive immune defense. 

 

 
Figure 2.1:1 Schematic structure of an antibody (in this case, IgG) with two heavy and 

two light chains forming two identical Fab fragments and one Fc fragment. 

 

 

The two identical paratopes formed by VL and VH are constructed from six hypervariable 

loops in the N-terminal of the two chains. These loops, or complementary determining 

regions (CDR), determine affinity and specificity of the antibody. High antibody diversity 

results in approximately 107–109 different antibody molecules in one person, all with 

unique amino acid sequences in their antigen-binding sites (Abbas, Lichtman et al., 1997) 

 

In order to generate antibodies specific for small molecules, such as carbohydrates, they 

must be linked to macromolecules before immunization in host species such as mice. In 

this system, the small molecule is called a hapten and is only immunogenic if linked to a 

suitable macromolecule. 

 

Since IgG, for example, consists of two paratopes, it has the ability to interact 

polyvalently by simultaneous binding two epitopes on a molecule, whereas an IgM 

pentamer with ten paratopes has the ability to be even more polyvalent. Polyvalent 

interactions can be collectively much stronger than corresponding monovalent 
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interactions which is called an avidity effect (Mammen, Choi et al., 1998). Monoclonal 

antibodies against monosaccharide haptens can be obtained by immunization of larger 

carbohydrate polymers coupled to macromolecules. Affinity for the monosaccharide is 

likely lower than the larger polymer, as we demonstrated in Paper IV. Furthermore, 

modulation of affinity is possible by using phage display techniques, for example, where 

single chain fragment variable (scFv) antibody libraries are constructed against various 

haptens, such as carbohydrates (Soderlind, Strandberg et al., 2000). Selection of scFv 

against carbohydrate structures, such as Lewis x and sialyl Lewis x, from a naive phage 

display library has been achieved by surface plasmon resonance (for example, see 

Johansson, Ohlin et al., 2006).  

 

 

2.2. STRUCTURE AND APPLICATIONS OF CARBOHYDRATE 

 

The simplest carbohydrates are monosaccharides such as D-glucose (Glc), which is well-

known. In Figure 2.2:1, D-glucose is in its different α-, β- and open form with an 

estimated distribution in equilibrium of approximately 36%, 64% and <0.1%, respectively. 

These different anomeric (α- and β-) forms are the result of mutarotation at the chiral 

center at carbon one. 

 

 
Figure 2.2:1 The α- (left), open- (middle) and β-form (right) of D-glucose with the 

anomeric center in carbon one.  

 

 

Two monosaccharides similar to glucose are mannose and galactose, the only difference 

being orientation of one hydroxyl group at carbon 2 and carbon 4, respectively. Mannose, 

galactose and glucose (Figure 2.2:2) were examined in Paper IV where we found the 



 10

monoclonal antibody (mAb) 3F1E8-A2 differentiated these small orientation differences 

with more than three and seven times lower affinity for mannose and galactose, 

respectively over glucose. 

 

Monosaccharides can be interconnected by glycosidic linkages forming di- and 

trisaccharides. For example, two glucose-based disaccharides are maltose (Glc α1–4Glc) 

and cellobiose (Glc β1–4Glc, Figure 2.2:2) together with the trisaccharide panose (Glc 

α1–6Glc α1–4Glc). These two disaccharides were studied in Papers I-III, while the 

trisaccharide was studied in Papers I-II. The monoclonal antibody 39.5 (mAb 39.5) has 

the ability to distinguish maltose from cellobiose with no detectable affinity (>103 times 

lower affinity) for cellobiose. Antibody 39.5 can also separate the two isomer forms of 

maltose with more than five times higher affinity for the β-form compared with the α-

form (Ohlson, Bergström et al., 1997). Crystallized maltose is almost exclusively in β-

form but reaches equilibrium in solution after a few hours where the distribution of the 

anomeric forms of maltose at equilibrium is approximately 60% and 39% for α-maltose 

and β-maltose, respectively (Ohlson, Bergström et al., 1997). Time for mutarotation to 

reach equilibrium has to be considered in designing experiments based on anomeric 

substances, which was taken into account in Papers I-IV. Dextran is a heterogeneous 

polysaccharide composed mainly of α1,6-linked glucose monosaccharides, as seen in 

isomaltose (Figure 2.2:2) and its corresponding isomalto-oligosaccharides, but also with a 

small degree (approximately 5%) of α1,3-branching. Dextran (1 kDa) and several 

isomalto-oligosaccharides were separated in Paper IV by the interacting mAb 3F1E8-A2. 

 
Figure 2.2:2 Structures of various carbohydrates analyzed in Papers I-IV. (a) Mannose; 

(b) galactose; (c) glucose; (d) panose (Glc α1–6Glc α1–4Glc); (e) maltose (Glc α1–4Glc); 
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(f) oligosaccharides of isomaltose (Glc [α1–6Glc]n α1–6Glc), where n = 0 refer to 

isomaltose, n = 1 to isomaltotriose, n = 2 to isomaltoteraose and n = 3 to 

isomaltopentaose, respectively; and (g) cellobiose (Glc β1–4Glc). (all carbohydrates are 

viewed in their α-form) 

 

 

One way carbohydrates can be covalently linked to proteins is reductive amination, 

described in Chapter 3.2. Thereby haptens such as carbohydrates can be coupled to 

macromolecules to create an immunogenic responsive molecule (Chapter 2.1). These 

conjugates can be used in competitive assays if it is desired to have a stronger and/or 

more bulky competitor against the free carbohydrate entrapped, for example, in a 

semipermeable capsule (Paper III).  

 

 

2.3. MOLECULAR INTERACTIONS 

 

2.3.1. Affinity and kinetic constants of antibody–antigen interactions 

 

Monovalent interaction between antibody binding-sites (B) and corresponding antigens 

(A) will form an antigen–antibody complex (A·B). At equilibrium concentrations of the 

three species are dictated by the equation: 

 

 [ ] [ ]
[ ] on

off

a
d k

k
BA
BA

K
K =

⋅
×

==
1  (Equation 2.3.1:1) 

 

where Kd (M) is the dissociation constant, Ka (M–1) is the association constant, koff (s–1) is 

the dissociation rate constant (or off-rate) and kon (M–1s–1) is the association rate constant 

(or on-rate). 

 

Dissociation of an antigen–antibody complex can also be expressed in terms of half-life 

(t½) of the complex, which is the time required for an antigen–antibody complex to 
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dissociate to 50% of its original concentration. Under dissociation conditions with no 

ability to rebind, e.g., when immobilized antibodies on a surface are regenerated from 

antigens by a flow of buffer, the following equation can be used (Neri, Montigiani et al., 

1996): 

 

 
offk

t 2ln
½ =  (Equation 2.3.1:2) 

 

It is feasible to determine Kd-values by simple [A] titrations of [B], as shown in Paper I, 

by applying the following Langmuir equation for saturation binding curves (isotherms): 

 

 [ ] [ ] [ ]
[ ]AK

AB
BA

d

tot

+
×

=⋅  (Equation 2.3.1:3) 

 

where [B]tot is the total concentration of binding sites, given by the sum of [B] and [A·B].  

 

At increasing [A] the antibody binding-site concentration becomes limiting and [A·B] 

goes towards [B]tot. A saturation binding curve can be constructed as shown in Figure 

2.3.1:1: 

 
Figure 2.3.1:1 Saturation binding curve (Langmuir isotherm) with [A·B] versus [A]. The 

Kd-value corresponds to half the [B]tot. 

 

Titration experiments in Paper I, where carbohydrates were interacting with weak 

affinity interacting antibodies, included some approximations. In the figure above, 
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concentration of free antigen [A] is plotted along the x-axis; it was assumed that [A] is the 

same as the total concentration of carbohydrate ([A]tot) since only a small amount of [A]tot 

is bound in the antigen–antibody complex [A·B]. 

 

 

2.3.2. Weak and strong affinity 

 

The ratio of rate constants determines the extent of affinity. With antibodies the koff 

values can exhibit a wider range than the kon values when high affinity antibodies are 

compared with low affinity antibodies. A group of antibodies raised against dinitrophenol 

demonstrated Ka values in the range of 104–1010 M–1 with corresponding koff values of 

103–10–3 s–1, as seen in Figure 2.3.2:1 (Schultz, 1987). These antibodies showed kon values 

of about 108 M–1s–1, with less than a 100-fold span in values for the whole group of 

antibodies. Five different antibodies against fluorescein in TIRF (Chapter 5.4) 

experiments showed only approximately 10-times difference in kon values (106–107 M–1s–

1), but approximately 500-times difference in koff values (0.1–2·10–4 s–1) (Andrade, Lin et 

al., 1990). These findings have been confirmed by mutation studies in single chain Fv-

fragments against hen-egg lysozyme with a varying kon of less than 3-fold, and koff by 

more than 1000-fold (Bedouelle, 2002). 

 
Figure 2.3.2:1 Relationship between Ka and koff for a group of antibodies against 

dinitrophenol. Figure adapted from (Schultz, 1987) 
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Rapid koff (low affinity) is crucial for continuous monitoring of an antigen, due to the 

need for quickly attaining a new equilibrium state when changes are made in antigen 

concentrations. For example, an antibody with a koff < 10–3 s–1 (as seen in Figure 2.3.2:1) 

with a corresponding t½ > 11 minutes can be too slow for on-line monitoring. On the 

contrary, neutralization or abortion of toxic or pathogenic agents is only expected to be 

effective if the koff of the antibody is sufficiently slow resulting in a high affinity binding 

(Neri, Montigiani et al., 1996). This is to ensure sufficient residence times of the antibody 

onto the antigen in order to allow secondary effects and/or to achieve high 

concentrations for effective clearing of toxic or pathogenic agents. 

 

The dynamic range for a weak affinity antibody–antigen interaction for concentration 

quantification of the antigen is approximately its Kd value (see Figure 2.3.1:1). Therefore 

a weak affinity antibody in the mM range of Kd is desirable for glucose monitoring in the 

same range. However, in a competition system (Paper III), it is possible to design a 

system where the EC50 value is in the range of interest. 

 

 

2.3.3. Mono- and polyvalent interactions  

 

By nature, many antibody–antigen interactions in vivo are of weak affinity but whenever 

antigens are present in multiple copies, such as on the cell surface, apparent affinity 

constants can be increased by orders of magnitude. This phenomenon is due to 

polyvalent interactions which generally is the case with antibodies having multiple 

binding sites. The apparent affinity increase, or avidity, is dependent on the antigen 

density on the solid support, such as the cell surface. One example is the interaction 

between the haemagglutinin binding site on the influenza virus particle and the sialyl-

oligosaccharide receptors on the cell-surface. Interactions are generally transient with a 

Kd value higher than 0.1 mM but a strong binding (several orders of magnitude higher 

apparent affinity) is achievable by the avidity effect caused by simultaneous multiple 

bindings between virus and host cell (Matrosovich and Klenk, 2003). 
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During affinity measurements with techniques requiring binding to a solid-phase affinity 

support with immobilized antibodies (see Papers II and IV), care has to be taken to 

avoid avidity effects that can obscure estimates of affinity. For example, IgG antibodies 

with two active binding sites have the ability to bind tighter due to avidity effects with an 

apparent slower total koff than the monovalent interaction. However, by using a low 

immobilization density of antibodies on the solid support this effect can often be 

minimized. When evaluating antigens with low molecular weight, such as small 

oligosaccharides, avidity effects can be minimized if the antigen is present in the 

suspension during binding to the solid-phase. 

 

 

2.3.4. Specificity and selectivity 

 

Antibody specificity should be used in a relative manner, and is defined as its ability to 

discriminate between various antigens (Berzofsky and Schechter, 1981; van Regenmortel, 

1998). Specificity can be quantified as the ratio between the affinities for the antigen of 

interest and other substances. The related term, “selectivity”, also takes into account the 

sensitivity of the analytical procedure. Selectivity is defined as the ability of an antibody to 

discriminate between two antigens where the affinity for only one of the antigens is 

above the threshold for detection in a given experiment (Litman and Good, 1978). As an 

example, consider an antibody with affinity towards two antigens with Ka-values of 106 

M–1 and 103 M–1 respectively so that the antibody exhibits a 1000-fold higher specificity 

towards the first antigen. If the threshold for detection with the method is 104 M–1, the 

second antigen can not be seen in a practical sense, and therefore the antibody is selective 

for the first antigen. Therefore, it could well be that low affinity binding antibodies are 

more specific or selective than high affinity antibodies.  
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2.3.5. Thermodynamics 

 

The change in standard Gibbs free energy (ΔG°; J mol–-1) is related to an equilibrium 

constant as shown in Equation. 2.3.5:1. 

 

 da KRTKRTG lnln ×=×−=°Δ  (Equation 2.3.5:1) 

 

where R is the ideal gas constant (8.314 J K–1 mol–1) and T is the temperature (K). 

 

Therefore, ΔG° is a measure of the tendency of the actual binding to be established and 

is of negative sign if the bindings are favored. For example, a rather small ΔG° around –

10 kJ mol–1 corresponds to a Kd value of about 20 mM at room temperature, while a 

ΔG° = –24 kJ mol–1 corresponds to a Kd value of 80 μM. These values have been 

established for glucose (Paper IV) and maltose (Paper I), respectively, by interaction 

with their corresponding antibody. Two other thermodynamic parameters are correlated 

to ΔG°; standard enthalpy change (ΔH°; J mol–1) and standard entropy change (ΔS°; J K–

1 mol–1) in a way viewed in the fundamental relationship given in the Equation. 2.3.5:2: 

 

 °Δ−°Δ=°Δ STHG  (Equation 2.3.5:2) 

 

The ΔH° is the interaction energy of binding species and is a negative quantity when 

attraction forces dominate, while ΔS° is the tendency to achieve the highest degree of 

randomness for the binding molecular system. These two equations can be rewritten as 

the van’t Hoff equation: 

 

 
R
S

RT
HKa

°Δ
+

°Δ−
=ln  (Equation 2.3.5:3) 

 

This equation can be visualized by its corresponding van’t Hoff plot, with ln Ka versus 

T−1 as seen in Figure 2.3.5:1. 
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Figure 2.3.5:1 van’t Hoff plot for the binding of maltose and panose with the 

monoclonal antibody 39.5. Figure from Paper I. 

 

 

From the van´t Hoff plot, ΔH° can be calculated from the slope of the linear regression, 

whereas ΔS° is calculated as the y-intercept. As seen by the slopes in Figure 2.3.5:1, the 

affinities are roughly doubled with a temperature decrease of 10 °C and are driven by 

ΔH°. Due to the well fitted regression, the ΔH° is independent of the temperature, at 

least with this interval of analyzed temperatures. The ΔS° is approximately 21% less 

negative for panose than for maltose. Since hydrophobic effects result in positive ΔS°, 

the extra glucosyl ring in panose can be ascribed to inducing larger hydrophobic effects. 

Water molecules that are released from hydrogen-bonded surrounding polar groups upon 

carbohydrate–antibody binding will result in increased entropy since its motional freedom 

in the solvent is less restricted than in the hydration shell (Gabius, 1998). As we reported 

in Paper I, the extra glucose group in panose, when compared to maltose, resulted in 

increased ΔS° and thereby decreased ΔG° with subsequent increased affinity, Ka. Affinity 

was decreased with antibody immobilization (see Paper II), with increased ΔG° from –

23.35 to –21.39 kJ mol–1 which was interpreted as lower enthalpic contribution to the 

interaction. This alteration of electrostatic interaction upon immobilization might have 

been induced by steric hindrance and/or mass transfer effects during hapten transport to 

the paratope.  
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2.4.  ANTI-CARBOHYDRATE ANTIBODIES 

 

2.4.1. Anti-dextran and anti-glucose antibodies 

 

There are relatively few reports on monoclonal antibodies with affinity for carbohydrates 

(Villeneuve, Souchon et al., 2000). Myeloma and hybridoma monoclonal IgA antibodies 

(W3129 and 16.4.12E) (Weigert, Raschke et al., 1974; Matsuda and Kabat, 1989) were 

found against shorter dextrans such as isomaltohexaose. The H of the OH group at 

carbon 6 in the nonreducing terminal glucosyl-group plays an important role for these 

antibodies in recognizing dextran antigens (Nashed, Perdomo et al., 1990). Antibody 

16.4.12E exhibits a slightly higher affinity against shorter methyl α-glycosides of isomalto-

oligosaccharides than W3129, with Kd values of 220, 19, 11, 2.6, 4.2 and 2.6 μM for 

increasing size from mono- to hexamer molecules (Nashed, Perdomo et al., 1990). 

Unfortunately, no affinity data for these antibodies are reported for unmodified dextrans 

because substitution with methyl groups at the anomeric carbon can affect the affinity for 

the carbohydrate. In Paper IV, we showed that the IgG1 monoclonal antibody 3F1E8-

A2 has different affinities for the anomeric α- and β-forms of isomalto-oligosaccharides 

(see Table 2.4.1:1), which also was seen for components of dextran (approximately 1kDa). 

Antibody 3F1E8-A2 exhibits affinities of the same magnitude against isomaltotriose, 

isomaltotetraose and isomaltopentaose as antibodies 16.4.12E and W3129 displayed for 

corresponding methyl oligosaccharides.  
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Table 2.4.1:1 Dissociation constants for monoclonal antibody IgG1 3F1E8-A2 against 

isomalto-oligosaccharides including dextran (approximately 1 kDa) from weak affinity 

chromatography. Table adapted from Paper IV 
Carbohydrate Structure Peak Kd (μM)*

Isomaltose Glc α1–6Glc 1 –
  2  1600 
Isomaltotriose Glc (α1–6Glc)2 1  1600 
  2  170 
Isomaltotetraose Glc (α1–6Glc)3 1  84 
  2  42 
Isomaltopentaose Glc (α1–6Glc)4 1  25 
  2  – 
Dextran 1 kDa  mainly α1,6-linked Glc 1  – 
  2  1600 
  3  160 
  4  83 
  5  44 
  6  27 

(*) Extinction coefficient is based on an assumed %1.0
280ε = 1.1 and immobilized antibody activity is 

estimated to be 50% of immobilized protein. 
 

 

As demonstrated in Paper IV, monoclonal antibody 3F1E8-A2 was able to interact with 

glucose with an affinity of approximately 19 mM at room temperature (21–23 °C). To 

our knowledge, this is the first demonstration of a monoclonal antibody with an 

appreciable affinity towards glucose. In comparison with two other monosaccharides 

(mannose and galactose), affinity was more than 3- and 7-times higher for glucose. 

 

Human polyclonal antibodies with affinity for dextran have been produced (Kabat, 1960; 

Kraft, Hedin et al., 1982; Anastase, Letourneur et al., 1996; Chacko and Appukuttan, 

2003; Ljungström, 2006) with IC50 values of approximately 2 nM (0.34 μg/ml) for 

dextran (approximately 100–200 kDa), 4 mM for sucrose and 8 mM for glucose, 

galactose and maltose (Chacko and Appukuttan, 2003). 
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2.4.2. Anti-maltose antibodies 

 

Production of anti-maltose antibodies was achieved by immunizing with tetraglucose 

(Glc α1–6 Glc α1–4 Glc α1–4 Glc) conjugated with keyhole limpet hemocyanin, and is 

denoted (Glc)4-KLH (Lundblad, Schroer et al., 1984b). This (Glc)4-KLH with a 

conjugated carbohydrate to protein ratio of 158:1 gave rise to five different clones after 

screening against (Glc)4-BSA (6:1). These antibodies were named 38.3, 39.4, 39.5, 61.1, 

and 64.1; all were IgG antibodies. In an inhibition assay, relative affinities were 

determined for several carbohydrates and carbohydrate derivatives. It was shown that 

39.5 antibody exhibits higher affinity for panose than for (Glc)4 and maltose (Lundblad, 

Schroer et al., 1984b), and affinity of antibody 61.1 is approximately 20-times higher with 

a temperature decrease from 37 °C to 4 °C (Lundblad, Schroer et al., 1984a). Further 

studies revealed that antibody 39.5 has different affinities for several anomeric structures 

found in panose, maltose and maltotriose, with decreased affinity from α-panose (0.05 

mM) > β-maltose (0.07 mM) > α-maltose (0.36 mM) > β-maltotriose (0.5 mM) > α-

maltotriose (1.03 mM) at 30 °C (Ohlson, Bergström et al., 1997). 

 

Papers I–III are based on this latter group of antibodies with focus on antibody 39.5. 

These papers are based on bulk measurements through direct affinity or indirect 

competition assays. Therefore, the apparent affinity is a summarized affinity of the 

different anomeric structures, while a zonal weak affinity chromatography assay (Paper 

IV) is able to separate and determine affinities of each of the anomeric structures. For 

example, the antibody 39.5 has a Kd value of 0.13 mM for maltose at 30 °C (Paper I), 

compared with 0.07 mM and 0.36 mM for β-maltose and α-maltose, respectively (Ohlson, 

Bergström et al., 1997). Affinity doubling is seen when temperature is decreased 10 °C 

(Paper I). 
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2.4.3. Other anti-carbohydrate antibodies 

 

Anti-galactan antibodies are a large group of anti-carbohydrate antibodies developed by 

Glaudemans and Kováč (Glaudemans and Kovac, 1988; Wang, Kovac et al., 1998). This 

group of anti-galactan antibodies (IgA; J539, X-44, X-24, T601, Hyg-10, Hyg-1 and S-10) 

with affinity for hapten with Ο-β1,4-linked D-galactopyranos sequence show Kd values 

of approximately 1 mM for methyl galactoside and 20–80 μM for methyl galactobioside. 

Several other different antibodies with affinity for mono- and oligosaccharides, but with 

no affinity data, are reviewed by Pazur (Pazur, 1998). 

 

Monoclonal IgG1 (Se155-4) has been raised against a branched Ο-antigenic Salmonella 

trisaccharide (Sigurskjold, Altman et al., 1991; Bundle, Eichler et al., 1994; Pathiaseril and 

Woods, 2000) as well as corresponding scFv (MacKenzie, Hirama et al., 1996). 

Monoclonal IgM (E3707 E9) against Ο-specific polysaccharides from Shigella dysenteriae 

has also been developed (Pavliak, Nashed et al., 1993; Miller, Huppi et al., 1995; Miller, 

Mulard et al., 1998; Nyholm, Mulard et al., 2001). Three additional monoclonal antibodies 

(IgM 5286 F2, IgM 5297 C1 and IgG 53338 H4) have been created with affinity for the 

Shigella dysenteriae type 1 Ο-specific polysaccharide (Miller, Karpas et al., 1996). Specific 

monoclonal IgG antibodies (S-20-4 and A-20-6) against Ο-polysaccharides of Vibrio 

cholerae have been produced (Liao, Poirot et al., 2002). Other monoclonal anti-

carbohydrate antibodies from the literature include, for example, an IgG3 antibody (SH1) 

raised against Lewis X which is a trisaccharide that are present in higher amounts on 

carcinoma cells (Eggens, Fenderson et al., 1989). 

 

Examples of human polyclonal antibodies against carbohydrates (apart from dextran) are 

anti-α-galactoside antibodies (Galili, Clark et al., 1987), anti-(Gal β1−3Gal) antibodies 

(Springer, 1984), mannose and N-acetyl glucosamine-binding IgG (Summerfield and 

Taylor, 1986), lactose-binding IgG (Gupta, Kaltner et al., 1996) and human cellulose-

binding IgG antibodies (Schwarz, Spector et al., 2003). 
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3. IMMOBILIZATION PROCEDURES AND COUPLING CHEMISTRY 

 

Antibody immobilization is fundamental in many research areas such as antigen 

purification and analysis. In addition, coupling chemistry for molecular labeling of 

molecules with fluorophores and carbohydrates is crucial for many detection systems and 

for binding assays. Different strategies for immobilization of affinity ligands including 

protocols have been nicely reviewed in the practical guide of Hermanson et.al. 

(Hermanson, Mallia et al., 1992).  

 

 

3.1. ANTIBODY IMMOBILIZATION 

 

Primary amine groups in antibodies, such as in the amino acid lysine, are frequently used 

for coupling an antibody to an aldehyde-containing solid support using the technique of 

reductive amination. A Schiff base is formed when the primary amine group is reacting 

with the aldehyde which can then be reduced using sodium cyanoborohydride, as seen in 

Figure 3.1:1. This reducing agent reacts with the Schiff base without affecting aldehyde 

groups. 

 
Figure 3.1:1 Reductive amination using sodium cyanoborohydride as a reducing agent 

for the Schiff base, which is formed by the reaction between a primary amine and an 

aldehyde. 
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Reductive amination is used in Paper IV for coupling antibody to the diol silica support. 

This solid support needs pretreatment with sodium periodate to oxidize the diol groups 

into aldehyde groups, as seen in Figure 3.1:2, before reductive amine coupling can be 

performed as described above. 

 
Figure 3.1:2 Generation of aldehyde groups on a diol silica support by sodium periodate 

as an oxidative reagent. 

 

 

Unmodified solid supports such as glass or fused silica contain no aldehyde groups that 

can be utilized in reductive amination. However, these supports can be silanized to add 

diol groups, such as described in Paper II. Slides of fused silica are treated with 3-

glycidoxypropyltrimethoxysilane (GOPS) to form a covalently linked spacer with a 

glycidol group as handle for coupling (Figure 3.1:3a). Generation of aldehyde groups for 

antibody coupling (Figure 3.1:3b) through reductive amination is accomplished as 

described above. 

a  b   

Figure 3.1:3 Silanization of silica (a) by 3-glycidoxypropyltrimethoxy-silane (GOPS), 

giving the possibility to an (b) immobilized antibody through reductive amination. 
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3.2. CARBOHYDRATE LABELED PROTEIN CONJUGATES 

 

Coupling carbohydrates to proteins is easily performed by reductive amination of 

aldehyde groups to primary amine residues on the protein, as described in Chapter 3.1. 

This is achieved due to the mutarotation at the anomeric carbon giving a minor fraction 

with an open form presenting aldehyde group at the anomeric carbon, as seen in Figure 

2.2:1. Since only a fractional percent of the carbohydrate is in the open form, high 

carbohydrate concentration is used along with long incubation times. Amounts of 

carbohydrate and incubation times can be modified depending upon the desired 

substitution of carbohydrates on the protein. In Paper III, maltotriose was conjugated to 

BSA resulting in a BSA-maltotriitol complex, as shown in Figure 3.2:1. This conjugation 

results in an α-maltose structure with an open form of glucose as a linker to the BSA, 

while (Glc)4 conjugation gives an α-panose with an open form of glucose as a linker (see 

Figure 3.2:1). The (Glc)4-conjugate served as an antigen in the production of monoclonal 

antibodies (Lundblad, Schroer et al., 1984b).  

 
Figure 3.2:1 Structure of the two conjugates BSA-maltotriitol and (Glc)4-keyhole limpet 

hemocyanin (KLH). 

 

 

To estimate the density of conjugated carbohydrates on proteins, as in Paper III, a 

colorimetric anthrone / sulfuric acid method was used (Dubois, Gilles et al., 1956). By 

reacting the conjugate with anthrone with absorbance measurements at 625 nm, the 

carbohydrate could be quantified while the protein quantification could be determined by 
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direct UV-measurement at 280 nm. The substitution of conjugated maltotriitol:BSA was 

determined to be 18:1.  

 

 

3.3. FLUOROPHORE LABELED PROTEIN 

 

Fluorescence labeled proteins such as antibodies and BSA can be readily achieved by 

using commercially available dyes. In Paper III, reactive cyanine dyes Cy5 and Cy5.5 

were used. These dyes take advantage of N-hydroxysuccinimidyl (NHS) esters for fast 

and irreversible covalent labeling to an amine-containing ligand, as seen in Figure 3.3:1. 

 
Figure 3.3:1 Covalent coupling of (monofunctional) N-hydroxysuccinimidyl (NHS) 

esters of Cy5- and Cy5.5-dyes to a protein. 

 

 

Labeling is terminated by desalting on a size-exclusion chromatography column followed 

by dialysis or/and ultra filtration for purification of resulting conjugate. Determination of 

dye density on protein is easily performed if the extinction coefficient is known at the 

specific absorption wavelengths. Compensation for overlapping absorption spectra has to 

be carried out to determine dye:protein ratio (protein concentration determined at 280 

nm). Quantification of the conjugated fluorophore was for Cy5-BSA-maltotriitol 

calculated to a ratio of 3.1:1:18 and Cy5.5-mAb39.5 to 2.2:1 (Paper III).  
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4. WEAK AFFINITY CHROMATOGRAPHY (WAC) 

 

Weak affinity chromatography (WAC) using monoclonal antibodies was introduced as a 

novel analytical affinity separation technique in the 1980s (Ohlson, Lundblad et al., 1988; 

Ohlson, Hansson et al., 1989; Zopf and Ohlson, 1990). The technique is based on a high-

performance matrix with immobilized weak affinity ligands for separation of usually 

similar analytes (ligates) with Kd values typically in the range of 10–5−10–2 M (Leickt, 

Bergström et al., 1997). Retention volume (VR) of an analyte is directly proportional to 

the interaction strength and to the total number of binding sites (Btot). The Kd value can 

be obtained according to equation 4:1 (valid under a linear adsorption isotherm):  

 

 
0VV
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R

tot
d −
=  (Equation 4:1) 

 

where V0 is the void volume. 

 

Btot is determined by frontal chromatography as described by Kasai (Kasai and Oda, 

1986; Winzor, 2004). 

 

Low Ka constants implicates a high active affinity ligand has to be used in order to retard 

analytes significantly. For separations of small antigens with immobilized weak affinity 

antibodies, macroporous silica supports have been found to be suitable. For example, Si 

300-material with a particle diameter of 10 μm and a pore size of 300 Å has an available 

surface of approximately 100 m2/g. Maximum antibody immobilization on this support 

was found to be about 10–3 g/m2. Perfusive supports such as POROS is a viable 

alternative to silica and can be used for high speed isocratic separations (Bergström and 

Ohlson, 2001). To detect carbohydrates, a pulsed amperometric detector (PAD) was used 

due to transparency of many carbohydrates at UV wavelengths. 

 

The benefits of WAC include its capacity to separate similar analytes, and to determine 

weak affinities and kinetics for various substances in mixtures (Leickt, Bergström et al., 



 27

1997). The ability to analyze mixtures or impure samples is an obvious advantage when 

compared to other techniques such as surface plasmon resonance and total internal 

reflection fluorescence which measure total effect of interactions from the components 

of the sample. WAC can therefore be a tool to estimate purity, affinity and kinetics for 

transient binders for development of continuous biosensors, for example see Paper IV. 

Of special interest has been development of detectors based on surface plasmon 

resonance employing WAC for on-line detection and characterization of carbohydrates 

(Jungar, Strandh et al., 2000). 

 

Early publications on WAC were based on monoclonal antibodies belonging to the 39.5-

family (Ohlson, Lundblad et al., 1988). Antibody 39.5 exhibits the ability to distinguish 

anomeric α- from β-forms of maltose in the separation of a mixture (Ohlson, Bergström 

et al., 1997; Bergström, Lundblad et al., 1998), as seen in Figure 4:1. Elution can be 

regulated conveniently using temperature since affinities are temperature dependent (in 

this case decreased by increasing temperature) as shown in Papers I and II. Maltose 

(Papers I-III) and panose (Papers I and II) were further analyzed using the antibody 

39.5-family, which served primarily as a model system for weak/transient interactions. 

 
Figure 4:1 Isocratic separation of α-maltose, β-maltose and α-panose on a 39.5-column 

at 30 °C, where isomaltose served as a void marker. Figure from (Ohlson, Bergström et al., 

1997). 
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In Paper IV, isomaltosaccharides (found in dextran) and glucose interactions were 

examined by using the monoclonal antibody 3F1E8-A2 which has the ability to 

distinguish anomeric forms of carbohydrates using WAC, especially shorter dextran 

components. These differences can be seen in Table 2.4.1:1. This antibody was raised 

against a 10 kDa dextran and has capability to cross-react with its monomeric form of 

glucose. A competition assay was used with WAC to determine the weak affinities of 

monosaccharides such as glucose. The UV-tagged carbohydrate para-nitrophenyl-D-

isomaltoside (PNP-isomaltoside) served as a reporter molecule for the monosaccharide, 

glucose in this example, while the monosaccharide served as a competitor to PNP-

isomaltoside. Detection was carried out at 320 nm and binding constants were 

determined as described earlier (Winzor, 2004). 

 

By increasing the competitive glucose concentration ([I]) in the running buffer, the 

change in retention time (Δt) of the reporter molecule peak moves towards the maximal 

retention time (Δtmax), given by the void. The Δt reflects the fraction of sites occupied by 

competing molecules according to the Langmuir isotherm (Winzor, 2004): 

 

 [ ]
[ ]IK
Itt

d +
Δ

=Δ max  (Equation 4:2) 

 

This inhibition is directly correlated to the affinity of glucose and the Kd values 

determined by using maximum and minimum inhibitions given by the void peak and the 

peak at no glucose competition, respectively (Figure 4:2). 

 

It was found that antibody 3F1E8-A2 showed affinity toward glucose (Figure 4:3) at 

approximately 19 mM (Kd). We believe this is the first finding of a monoclonal antibody 

with a measured and appreciable affinity to glucose (Paper IV). We conclude that by 

using WAC with or without competition assays, affinities can be easily measured in the 

range of 10 μM to 100 mM. 
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Figure 4:2 Competitive WAC analysis of glucose on 3F1E8-A2 column. Immobilized 

3F1E8-A2 interact with PNP-isomaltoside (reporter molecule) and various 

concentrations of glucose (competitor, delivered in the mobile phase). Sodium azide 

served as a void marker and for clarity only a few different glucose concentrations are 

shown. Figure from Paper IV. 

 

 
Figure 4:3 Competitive WAC assay with Kd determination of glucose (18.8 ± 2.6 mM; 

R2 = 0.9983), mannose (61 ± 9 mM; R2 = 0.9981) and galactose (140 ± 24 mM; R2 = 

0.9974) binding to antibody 3F1E8-A2 at room temperature (22 ± 1 °C). Glycerol served 

as a control. Figure from Paper IV.  
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WAC has also been applied to other ligands in our laboratory such as IgM antibodies for 

separation of steroids (Strandh, Ohlin et al., 1998) as well as with thermo-stable 

carbohydrate-binding modules (CBM) for separation of carbohydrates of xylans and 

glucose-based oligomers (Johansson, Gunnarsson et al., 2006). 
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5. FLUORESCENCE SPECTROSCOPY 

 

For decades fluorescence has been an established spectroscopic tool to study molecular 

interactions, since they in turn induce changes on several read-out signals such as 

fluorescence intensity, fluorescence light (de)polarization, fluorescence spectral shift, 

fluorescence lifetime and fluorescence resonance energy transfer efficiency. Over the past 

decade, significant growth was seen in use and applications of various fluorescence-based 

techniques (Lakowicz, 1999). This growth was due to higher sensitivity of fluorescence 

detectors, continued development of fluorescent-probe technology, and improved 

instrumentation such as lasers and light emitting diodes used for light sources.  

 

 

5.1. FUNDAMENTAL FLUORESCENCE THEORY 

 

All closed-shell molecules have singlet ground states (S0), and when fluorescence takes 

place an electron in the first (most frequent) excited singlet state (S1) is deactivated via an 

emitting photon. This radiative relaxation is spin-allowed meaning the S0 and S1 electron 

spins are paired. The lifetime for an electron to be in S1 state before it returns to the 

ground state is typically in the range of 10 ns which is approximately the time for light to 

propagate a few meters. Phosphorescence is another type of radiative transition that, in 

contrast to fluorescence, is spin forbidden. It arises from an electron transition from a 

more long-lived (millisecond to seconds) triplet excited state (T1) to S0, where the 

electron goes from a spin-unpaired (parallel) to a spin-paired (anti-parallel) configuration. 

Absorption of light normally starts from the vibrational energy ground level (v0) in S0 and 

ends-up to vibrational level in S1. A transition from v0 in S0 to v0 in S1 is called a 0-0 

transition; other transitions such as 0-1, 0-2, etc. are likely as well. In liquid phase, 

electrons at higher vibrational levels in S1, relax rapidly and lose energy by collisions with 

solvent molecules and will gain energy as thermal heat. Because of this, fluorescence 

spectra are always found at longer wavelengths with lower energies than absorption 

spectra. Spacing of vibrational energy levels in the excited state is similar to the ground 
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state giving fluorescence spectra (emission spectra) which is similar to a mirror image of 

the absorption spectra. Excited states usually exhibit larger dipole moments than ground 

states and can therefore transfer energy to its surrounding molecules through stronger 

molecular interactions. Thus, additional red-shift (i.e. Stokes shift) can be recognized as a 

consequence of solvent-molecule reorganization during the excited-state lifetime of the 

fluorophore. This process occurs in picoseconds and so an excited fluorophore with large 

dipole moment changes is sensitive to environmental alterations making it a probe for 

environmental change. That is, the stronger the fluorophore–solvent interaction, the 

larger the Stokes-shifted spectrum (Lakowicz, 1999). 

 
Figure 5.1:1 Jabłoński diagram with corresponding electron orbital. Figure adapted from 

(Lakowicz, 1999). 

 

 

Quantum yield (Q) is an important characteristic of a fluorophore since it describes how 

likely an excited electron will result in an emitted photon. Quantum yield is defined as the 

number of emitted photons relative to the number of absorbed photons for a particular 

solution. This ratio can, in extreme cases, be close to one, but it is usually much smaller 

due to efficient non-radiative relaxation as internal conversion. For example, the quantum 

yield for tryptophan in proteins is approximately 0.13 in neutral aqueous solutions, while 

for the cyanine dyes Cy5 and Cy5.5 conjugated to proteins, the quantum yield can be 

above 0.28 (Schobel, Egelhaaf et al., 1999).  
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5.2. INTRINSIC PROTEIN FLUORESCENCE  

 

Intrinsic protein fluorescence is generally excited at absorption maximum near 280 nm or 

longer. In proteins it is the three aromatic amino acids phenylalanine, tyrosine and 

tryptophan that exhibit the ability to be fluorescent. The emission of proteins is 

dominated by tryptophan due to its higher quantum yield (Q ≈ 0.13), higher molar 

absorptivity (ε280nm ≈ 5600 M–1 cm–1), as well as to energy transfers from phenylalanine 

and tyrosine to tryptophan when they are excited at 280 nm (Cantor and Schimmel, 1980; 

Lakowicz, 1999). Compared to tryptophan, the quantum yield and molar absorptivity for 

phenylalanine is significantly lower (Q ≈ 0.03; ε257nm ≈ 200 M–1 cm–1), while for tyrosine 

the quantum yield is comparable to tryptophan (Q ≈ 0.14) but molar absorptivity is 

apparently smaller (ε274nm = 1400 M–1 cm–1). Because of these properties, tyrosine and 

phenylalanine yield only minor contribution to total protein emission. However, to avoid 

tyrosine and phenylalanine excitation as well as S0 to S2 excitation in tryptophan, 

tryptophan fluorescence can be selectively excited at 295 nm as shown in Papers I and 

II. 

 

Tryptophan is sensitive to changes in its surroundings and shows a corresponding change 

in its fluorescence properties manifested as spectral shift, i.e., blue-shifted in more non-

polar environments and red-shifted in more polar environments as described above, or as 

alteration in quantum yield. Elevated tryptophan fluorescence upon antibody–hapten 

interactions is reported in Papers I and II, where no detectable wavelength shift was 

observed. The origin of this phenomenon is not obvious, but since tryptophan is 

exclusively excited, any eventual perturbation of energy transferring from phenylalanine 

to tyrosine to tryptophan can be ruled out. Proteins with maximum tryptophan 

fluorescence near 350 nm are considered to have tryptophan fully exposed to solvent 

water while tryptophan with fluorescence maximum about 310 nm are normally buried in 

the protein core (Eftink, 2000). In Paper I, antibody 39.5 exhibits a fluorescence 

maximum at approximately 347 nm and can therefore be considered highly exposed.  
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Practically all proteins that bind carbohydrates (including antibodies) contain tryptophan, 

whose intrinsic fluorescence can change when carbohydrate is bound. Any micro-

environmental change that includes tryptophan may affect its photophysical properties, 

and therefore may be detected by fluorescence spectroscopy (Lee, 1997). Glaudemans 

and Kováč with co-workers have reported on several different tryptophan-sensitive 

antibodies against carbohydrates (see Glaudemans and Kovac, 1988; Nashed, Perdomo et 

al., 1990; Wang, Kovac et al., 1998), as earlier described in Chapter 2.4.1. For example, 

antibody IgA 16.4.12E with a Kd value of 0.22 mM for methyl α-glycosides exhibits a 

maximum increase in tryptophan fluorescence of 51%, while another antibody (IgA 

W3129) exhibits a decrease of 19% to the same methyl carbohydrate. These two 

antibodies, with significant higher affinities (Kd: 10–4–10–2 M) to longer methyl 

oligosaccharides, showed nearly the same fluorescence change when interacting (Nashed, 

Perdomo et al., 1990; Nashed and Glaudemans, 1996).  

 

It is not known how carbohydrates are able to induce changes in tryptophan fluorescence 

upon interaction with their antibodies. However, four (IgA J-539, M-601, X-24 and X-44) 

of seven monoclonal antibodies with affinities for β1,6-linked galactopyranosyl residues 

demonstrate increasing tryptophan fluorescence upon binding (Jolley and Glaudemans, 

1974). Increasing fluorescence is also seen with an antibody (IgM 3707 E9) against 

polysaccharides from Shigella dysenteriae (Kd: 0.11–11 mM) (Pavliak, Nashed et al., 1993). 

 

Use of this UV-transparent hapten-induced protein fluorescence change to determine 

affinity constants is an accurate (Chapter 2.3.1), fast, economical and simple method 

(Papers I and II) with proteins having Kd values in the range of approximately 20 mM 

to near 0.1 μM (Glaudemans, Miller et al., 1997). Tryptophan is frequently involved in 

carbohydrate interactions, whereas for monoclonal antibody 39.5, two tryptophans are 

found in the complementary-determining regions, with an additional four in close 

proximity (unpublished data). As noted in Papers I and II, tryptophan fluorescence 

increased by 11–24% in four different monoclonal antibodies (IgG 38.3, 39.4, 39.5 and 

61.1) when interacting with their hapten maltose. This elevated fluorescence intensity is 

seen in Figure 5.2:1 for mAb39.5–maltose interaction. In another group of monoclonal 

antibodies developed against dextran (1D5F9, 3F1E8, 1D5E12, 3F1E5 and 3F1F8), only 
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one (3F1E8) showed a significant change (> 3%) in tryptophan fluorescence when 

interacting with its hapten dextran (1 kDa). This monoclonal antibody (3F1E8) exhibited 

a maximum fluorescence decrease of 10%, with an apparent Kd value in the 1–10 μM 

range for dextran 1 kDa (for methods, see Paper II). This affinity is considered as the 

total effect by all interacting components of dextran, which was analyzed in Paper IV 

(Table 2.4.1:1). 

 
Figure 5.2:1 Intrinsic fluorescence emission spectra of the monoclonal antibody 39.5 

with maltose interaction. Excitation wavelength was 295 nm. Figure from Paper I 

 

 

5.3. EXTRINSIC PROTEIN FLUORESCENCE  

 

Interaction studies where change in intrinsic fluorescence is not apparent, extrinsic 

labeling can be a practical alternative strategy. Also, measurements in complex solutions 

with contributed fluorescence from other components in the UV-range benefit from 

extrinsic labeling. Additionally, lysine residues can be utilized for extrinsic fluorophore 

coupling through reductive amination (see Chapter 3.1), or by N-hydroxysuccinimidyl 

(NHS) esters (see Chapter 3.3). Furthermore, reduced thiol groups in a cysteine residue 

can be used as a handle for coupling. For example, mutation in scFv for generating a 

cysteine residue with subsequent coupling to a environmentally sensitive fluorophore, 
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resulted in a reagentless fluorescence biosensor (Bedouelle, 2002). Six out of ten 

conjugates showed greater than 10% change in their fluorescence intensity when this 

method was used. 

 

To avoid interfering background emission caused by intrinsic protein fluorescence and by 

solvent fluorescence, it is preferable to use longer excitation wavelengths, which results in 

higher signal-to-noise ratios. In Paper III, cyanine dyes Cy5 and Cy5.5 are exploited as a 

source of near-infrared dyes. Cyanine dyes typically display small Stokes’ shifts of 30 nm 

between absorption and emission spectra. The cyanine dyes Cy5 and Cy5.5 are further 

described in Chapter 5.5.1. 

 

 

5.4. TOTAL INTERNAL REFLECTION FLUORESCENCE (TIRF)  

 

By employing phenomena occurring at an interface when light from a specific angle is 

totally reflected, it is practical to study molecular binding at this interface in a continuous 

way by using total internal reflection fluorescence (TIRF). This technique takes advantage 

of low- or non-interference of other molecules in the surrounding solution yielding 

surface-specific detection (Paper II). When a beam of light, propagating within a 

medium of higher refractive index such as quartz (n1), meets an interface with a medium 

of low refractive index such as water (n2), light undergoes total internal reflection if the 

incident angle (θi) is greater than the critical angle (θc): 
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cθ  (Equation 5.4:1) 

 

Selection of quartz or fused silica as a waveguide has the advantage of optical 

transparency over wide-range wavelengths from UV to NIR with a refractive index (n1) 

of approximately 1.46 at 630 nm. This refractive index is larger than for water (n2 ≈ 1.33), 

giving a critical angle of approximately 66° as illustrated in Figure 5.4:1a: 
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a  b  

Figure 5.4:1 (a) Total internal reflection occurs when the incident angle (θi) is greater 

than the critical angle (θc) giving rise to an (b) evanescent electromagnetic field that 

extends out from the interface into the lower refractive index medium.  

 

 

Under conditions of TIRF, an electromagnetic field extends out from the interface into 

the lower refractive index medium (Figure 5.4.1b). The intensity of this field decays 

exponentially with distance from the silica surface into the water solution as an 

evanescent wave, generally over a distance approximately equal to the wavelength of the 

propagating electromagnetic wave. Penetration depth (dp) can be defined as the distance 

from the surface at which the strength of this field is 37% (e–1) of its value at the surface 

(Hlady, van Wagenen et al., 1985), and is given by the expression: 
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where λex is the excitation wavelength. 

 

Since refractive index is wavelength dependent and penetration depth varies with 

refractive index, wavelength and the incident angle, dp is larger at longer wavelengths as 

illustrated in Figure 5.4:2, where two wavelengths of 488 and 284 nm are compared. 
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Figure 5.4:2 Exponential decay in arbitrary units (a.u.) of evanescent waves relative to 

distance from the reflecting interface for two different excitation wavelengths (λex) at 488 

nm and 284 nm at θi = 70°, giving n1 = 1.467, n2 = 1.333 and n1 = 1.496, n2 = 1.353, 

respectively. Figure adapted from (Hlady, van Wagenen et al., 1985). 

 

 

In TIRF sensors using planar waveguides, fluorescence emission is typically collected 

perpendicular to the waveguide, contrasted to fiber-optic based sensors where emission is 

collected at the end of the fiber. Today, planar waveguides are used in flow cell systems 

(as employed in Paper II) by assembling a quartz TIRF prism with a back block (having 

an inlet and outlet) together with a gasket (Figure 5.4:3). Coupling ligands is usually 

prepared on a single-use TIRF slide before mounting it to the TIRF prism that then 

forms a unit held together by glycerol (having a refractive index similar to quartz). 

 
Figure 5.4:3 Schematic overview of a TIRF flow cell. 
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TIRF is a potent tool for investigation of protein adsorption on surfaces, and is reviewed 

elsewhere (Hlady, van Wagenen et al., 1985; Asanov, Delucas et al., 1997). Covalent 

immobilization of proteins such as antibodies (Paper II) for TIRF studies is feasible by 

modifying the silica surface as described in Chapter 3.1. 

 

A good example of a TIRF-based immunosensor is the River Analyzer (RIANA), 

developed by Gauglitz and co-workers (see Barzen, Brecht et al., 2002), which has been 

designed to assist control of water pollution. It has three sensitive optical spots on the 

transducer each consisting of an analyte derivative immobilized on aminodextran thus 

giving potential to detect three different analytes simultaneously. Cy5.5-labeled antibodies 

with affinities for different herbicides are equilibrated with polluted water samples before 

being injected over the transducer surface. This inhibition assay gives low fluorescence 

intensity with highly polluted water. The RIANA working range is from 10–8 to 10–3 g L–1 

for six different herbicides. In another TIRF-based immunosensor, measurements of 

testosterone in water samples showed a limit of detection at 10–10 g L–1 with commercial 

antibodies against testosterone and a 1 nM Kd value (Coille, 2002; Tschmelak, Kumpf et 

al., 2006).  

 

All these above examples are based on strong affinity antibodies which are crucial for 

high detection sensitivity. Detection of components in the nM-range is achievable by 

using high-affinity antibodies having a slow koff value, which gives a low Kd for the 

antibody–antigen complex. However, weak affinities with rapid off-rates and clearance of 

occupied sites are fundamental for continuous sensing of analyte concentration changes 

in the mM-range, as discussed in Chapter 2.3.2. Regeneration of a high-affinity system 

can be performed with extreme pH, temperature, chaotropic agents or with 

electrochemical polarization to dissociate the antibody–antigen complex. However, this 

often leads to an accompanied activity loss (Asanov, Wilson et al., 1998). TIRF is one of 

the few techniques that can continuously and directly measure kon and koff interactions for 

calculating Kd values. Weak affinity with transient binding of an antigen to an antibody 

produces square pulses in sensorgrams such as demonstrated in Paper II where koff is 

expected to be > 1 s–1 with corresponding t½ < 0.7 s (Figure 5.4:4). These findings 
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confirm earlier data obtained from surface plasmon resonance studies utilizing a similar 

setup (Ohlson, Jungar et al., 2000).  

 
Figure 5.4:4 Intensity response of intrinsic fluorescence for monoclonal antibody 39.5 

upon interaction with maltose (0–8 mM). Lines represent mean values of data points for 

each maltose injection at 25 °C. Excitation wavelength of 295 nm and emission readings 

of 345 nm were used. Figure from Paper II. 

 

 

5.5. FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET) 

 

When electrons are in an excited state, an important phenomenon is 

Förster/fluorescence resonance energy transfer (FRET). In FRET, excited-state energies 

are transferred from a fluorophore (donor) to another close-proximity fluorophore 

(acceptor) as illustrated in the following Jabłoński diagram, Figure 5.5:1.  
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Figure 5.5:1 Jabłoński diagram with corresponding electron orbital for 

Förster/fluorescence resonance energy transfer (FRET) going from a donor molecule in 

an S1 state to an acceptor molecule. 

 

 

Energy is transferred via long-range dipole–dipole interactions, where the acceptor goes 

from ground state to excited state in this process and may then relax back via 

fluorescence. Noteworthy is that resonance energy transfer takes place without involving 

any emitted light from the donor. Several criteria have to be fulfilled for FRET to be 

efficacious (Lakowicz, 1999). First (i), donor dipoles have to have similar resonance-

energy frequencies as the acceptor, seen as overlapping emission and excitation spectra 

between the donor and respective acceptor. Second (ii), donors and acceptors have to be 

in close proximity, usually less than 100 Å. This distance is comparable to biological 

macromolecules, such as antibodies. The distance (r) at which FRET is 50% efficient is 

called the Förster distance (R0), and is typically in the range of 20–60 Å for many donor–

acceptor pairs. Transfer efficiency is strongly dependent on this distance when the 

donor–acceptor pair is near R0 where efficiency declines with r6, as seen in Figure 5.5:2. 

Finally (iii), mutual orientation in space of the transition dipoles influences efficiency of 

FRET. 
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Figure 5.5:2 Dependence of energy transfer efficiency (E) on distance (r) and Förster 

distance (R0) in FRET. 

 

 

The Förster distance can be calculated and is dependent on several factors: (i), refractive 

index of the medium (usually between 1.2–1.6), (ii) fluorescence quantum yield of donors 

in absence of acceptors, (iii) orientation factor for the dipole–dipole interaction, and (iv), 

spectral overlap (e.g., the shaded area in Figure 5.5.1:1) and absorptivity of acceptors. 

 

Examples of applications are, sensor assays (Li, Pham et al., 2006), and measuring the 

distance between two macromolecular sites (Bergström, Hägglöf et al., 1999). In this 

thesis (Paper III), one objective was to determine carbohydrate concentrations in a 

competition assay with a donor-labeled protein–carbohydrate conjugate and an acceptor-

labeled monoclonal anti-carbohydrate antibody.  

 

 

5.5.1. Cyanine dyes as FRET-pair 

 

Several different compounds or materials can serve as donor–acceptor pairs and these are 

reviewed elsewhere (Sapsford, Berti et al., 2006). One frequently applied donor–acceptor 

pair is the two cyanine dyes, Cy5 and Cy5.5; these were used for our work in Paper III. 

This pair shows fluorescence in the border zone of near infrared (NIR) and visible region 

of the spectrum. Cy5 and Cy5.5 have an absorption maximum at approximately 650 nm 
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and 675 nm, respectively, with corresponding emission maxima at approximately 670 nm 

and 695 nm, respectively (Figure 5.5.1:1). This pair exhibits an exceptionally high R0-

value of around 84 Å (Schobel, Egelhaaf et al., 1999) due to high quantum yield (>0.28) 

and good overlap of Cy5 emission spectra and Cy5.5 absorption spectra (as seen in the 

shaded area of Figure 5.5.1:1). In the FRET-based assay demonstrated in Paper III, 

excitation was set to 645 nm and emission intensities were recorded at 670 (I670) and 700 

nm (I700) in an attempt to achieve maximum change in read-out signals during maltose 

interaction. In Paper III, the ratio between I670 and I700 was plotted as a function of 

maltose concentration. We demonstrated that at higher maltose concentrations I670/I700 

was gradually increased due to Cy5/Cy5.5 FRET inhibition caused by competitive 

binding of certain carbohydrates that mimicked maltose. 

 
Figure 5.5.1:1 Relative absorption and emission spectra of Cy5 and Cy5.5. Spectral 

overlap of Cy5 emission and Cy5.5 absorption is in the shaded area. Excitation 

wavelength 645 nm with emission readings at 670 nm and 700 nm are indicated with 

vertical solid and dotted lines, respectively. 

 

 

Concentration of conjugated fluorophores on proteins is important for characteristics of 

the conjugate. For example, increased amount of Cy5 on a conjugate gives an elevated 

risk to FRET efficacy between different Cy5-molecules due to overlap in absorption and 

fluorescence spectra (Figure 5.5.1:1), giving decreased fluorescence intensity because of 

energy relaxation during this process. For example, coupling Cy5 respective to Cy5.5 at 

low dye/protein ratios increases the fluorescence lifetime and quantum yield with 
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resulting increased R0 values up to 84 Å (Schobel, Egelhaaf et al., 1999). Maximum 

intensity for Cy5-labeled IgG and Cy5.5-labeled BSA were seen with dye/protein ratios at 

approximately 4 (Schobel, Egelhaaf et al., 2000). This relatively low ratio was later 

confirmed with refined optimum labeling-ratios of 2–3 for Cy5/IgG (Gruber, Hahn et al., 

2000) and 4–5 for Cy5.5/IgG (Hahn, Riener et al., 2001). For our work reported in 

Paper III, a labeling ratio of 3.1 for Cy5/BSA and 2.2 for Cy5.5/IgG was used . 

 

Since Cy5 and Cy5.5 display overlapping absorption spectra with less than 30 nm 

differences in absorption maxima, it is difficult to excite Cy5 without a population of 

Cy5.5 also being excited by excitation light. This result in an increased fluorescence signal 

from Cy5.5 in FRET measurements if a population of non-interacting Cy5.5-conjugates 

is present in the sample, see Paper III in which both Cy5-BSA-maltotriose and Cy5.5-

mAb39.5 were retained in a semipermeable capsule, while the competitive maltose 

diffused through the membrane wall. A more dramatic change in the relative fluorescence 

ratio between these two dyes upon maltose competition is seen if free Cy5.5-mAb39.5 is 

removed (Figure 5.5.1:2). Removal of conjugates is not feasible if a continuous and 

reagent-less biosensor is desired, but an elevated FRET signal can be achievable by 

combining FRET with a surface-selective technique such as TIRF. 
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Figure 5.5.1:2 Competitive FRET-assay in a 96-well polystyrene plate. (a) Fluorescence 

intensity changes when coated Cy5-BSA-maltotriose is in competition with various 

concentrations of maltose (0–500 mM) for binding of Cy5.5-mAb39.5. Cellobiose served 

as negative control with no induced change in spectra (data not shown). (b) Sigmoidal 

dose-response curve of the increased fluorescence ratio I670/I700 with maltose 

concentration. Preliminary results1 based on conjugates used in Paper III.  

                                                 
1 Materials and Methods 

High-binding 96-well microtiter plates (Greiner) were coated with 50 μl of approximately 7 μg/ml Cy5-

BSA-maltotriose (Paper III), respectively 10 μg/ml BSA in PBS-buffer (Paper I) during 5 h at 21–23 °C. 

The wells were blocked with 100 μl of 0.5 mg/ml BSA in PBS at 21–23 °C for  2 h and then rinsed three 

times with  PBS supplemented with 0.1 % Tween 20 (Sigma) (washing buffer). Thereafter 50 μl of Cy5.5-

mAb39.5 (Paper III) of approximately 15 μg/ml in PBS was added to the wells and incubated overnight 

at 6 °C. The plates were  rinsed once with washing buffer at 6 °C. Various concentrations (0–100 mM) of 

maltose (Paper I) respective to cellobiose (Paper I) in PBS was incubated over night at 6 °C. Finally, the 

plate was rinsed  once with  washing buffer at 6 °C before 50 μl PBS was added. Reading was facilitated 

by a fluorescence spectrophotometer (Paper I) supplemented with a fiber optic platform (F-3000, Jobin 

Yvon). The fiber bundle was placed approximately 3 mm from the bottom of the microtiter well in a 

light-sealed compartment. Emission reading of spectra (666–750 nm) was performed by setting excitation 

and emission slits to 5 nm bandwidth, integration time of 1 s, increment of 2 nm, and excitation at 650 

nm. Instrumental compensation was performed as described in Paper III and all spectra were further 

compensated by background signals determined from BSA-coated wells. All data analysis was made as in 

Paper III.  
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5.6. IMMUNOSENSORS 

 

A biosensor may be defined as an analytical device based on biochemical recognition 

events with transduction of a physico-chemical change into a recordable electronic signal 

(Thevenot, Toth et al., 2001). Biosensors can be classified according to the type of 

transducer element and/or the category of biological element. The biological element can 

be an enzyme, receptor, peptide, nucleic acid, or even cells or tissues (D'Orazio, 2003). If 

antibodies, or fragments thereof, are applied to the biosensor, it is called an 

immunosensor (Luppa, Sokoll et al., 2001). Classification according to the transducer 

element can be further defined as thermal, acoustic, electrochemical or optical biosensors. 

In this thesis, the focus is on optical immunosensors, especially TIRF- and FRET-based, 

which includes both direct (requiring no labeling) and indirect (require 

photoluminescence labeling) optical immunosensors. 

 

Optical biosensors utilize different strategies for detection of an interaction event, such as 

changes in the critical angle, refractive index, reflected light and evanescent wave; even 

these factors are intimately related. As described in Chapter 5.4, TIRF is a technique that 

takes advantage of an evanescent wave for fluorescence excitation of layers with an 

approximate wavelength thickness of incident light frequency. Other optical biosensors 

are different, for example (input, output and reflection) grating couplers use changes in 

intensity of reflected, bundled light having different incident light angles. This is possible 

due to refraction index changes upon molecules binding to the sensor surface. A similar 

strategy is used in surface plasmon resonance (SPR) sensors but by placing a metal film 

(e.g., gold) on the sensor surface, a resonant coupling occurs between the incident light at 

a specific angle and the surface plasmon in the metal film. At this specific incident light 

angle, intensity of reflected light is decreased because of energy transfer to the plasmon. 

Molecular interactions on the sensor surface with a resulting change in refractive index 

are detected as intensity drops at specific reflection angles (Green, Frazier et al., 2000). A 

resonant mirror sensor is similar to SPR in design, but the metal layer is replaced by a 

thin layer of high-refractive index, and instead of an intensity dip in the reflecting light 

due to resonance, the resonance mirror sensor creates a shift in phase of reflected light 
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(Skládal, 1999). Reflectrometric interference spectroscopy (RIfS) uses white light for 

detection, which is reflected with a specific pattern from the different separated 

wavelengths from the white light which is caused, in turn, by optical sensor-surface 

thickness (Proll, Kumpf et al., 2004). In spite of the usefulness of these systems, 

fluorescence technique offers opportunity to employ remote and noninvasive monitoring 

when combined, for example with implantable capsules.  
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6. MALTOSE IMMUNOSENSING 

 

To quantitatively determine maltose in various matrices or systems, there are a few 

alternatives available. For example, HPLC methods with amine-bonded silica (Nogueira, 

Silva et al., 2005), immunoaffinity chromatography (Ohlson, Bergström et al., 1997), and 

enzymatic degradation for indirect quantification (Megazyme, 2004). However, there are 

currently no commercially available maltose sensors, even though a few patents have 

been granted based on enzyme biosensors (Karasawa and Takata, 1985). In Paper III, 

we demonstrated a setup for continuous maltose monitoring designed with potential 

applications in the food industry; this system also served as a concept model for future 

application with glucose sensors for monitoring diabetics (Chapter 7). 

 

 

6.1. BIOLOGICAL MALTOSE RECOGNITION 

 

For biological maltose recognition there are three principal candidates that can serve as 

biosensors. These use enzymes, maltose-binding proteins, or antibodies. 

 

 

6.1.1. Enzymes 

 

Determination of maltose content in solutions can be carried out by indirect enzymatic 

assays. Maltose is hydrolyzed by α-glucosidase (maltase) into glucose, which is further 

treated for quantification (Megazyme, 2004). Glucose determination can be very specific 

by this way, but has a drawback in that α-glucosidase hydrolyses a number of other α-

glucosides including maltotriose, sucrose and maltitol. Interference of sucrose can be 

estimated by using β-fructosidase which produces glucose and fructose, but this enzyme 

is not specific since it also hydrolyzes fructans of low molecular weight. 
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Assays based on α-glucosidase as a maltose converter to glucose have been developed 

and widely used (Megazyme, 2004). In one system, maltose is determined in a flow 

system with glucose detected up- and down-stream of a α-glucosidase reactor (Yukie, 

Akio et al., 1993). Another maltose sensor is composed of an enzyme membrane with 

immobilized α-glucosidase and glucose oxidase, and an H2O2-electrode (Karasawa and 

Takata, 1985). Since these biosensors are based on the same enzyme as described above, 

these biosensors have the same disadvantages if interfering carbohydrates are present.  

 

 

6.1.2. Maltose-binding protein (MBP) 

 

Maltose-binding protein (MBP), along with glucose-binding protein (Chapter 7.2.4), are 

found in the periplasma of Escherichia coli as well as other systems, and belongs to the 

superfamily periplasmic binding proteins (Dwyer and Hellinga, 2004). This superfamily 

exhibits conformational change due to a hinge-bending during ligand interaction. MBP 

binds maltose resulting in a total decreased distance of approximately 10 Å between two 

lobes, where one of the lobes rotates 35° and twists laterally 8° relatively to the other lobe 

(Fehr, Frommer et al., 2002). 

 

Extensive work has been carried out for designing a reagentless biosensor by utilizing 

conformational change during carbohydrate interaction. Initial work was performed by 

inserting cysteine residues in MBP subsequently coupling reduced thiol groups of two 

different fluorophores (IANBD and acrylodan) sensitive to polarity change (Gilardi, 

Zhou et al., 1994). Increase in fluorescence intensity ranging from 60 to 180% was seen 

for different mutations when maltose was added. Both of these fluorophores show 

elevated intensity in the more hydrophobic interior when MBP is closed, but due to 

insertion these two labels gave different Kd values (62 μM and 0.8 μM, respectively). This 

work was continued by others and different mutations were used to change affinity for 

maltose (Marvin, Corcoran et al., 1997).  

 

Further development of MBP into a FRET system has been carried out by constructing 

MBP with an enhanced cyan fluorescent protein (ECFP), and an enhanced yellow 
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fluorescent protein (EYFP) conjugated, respectively, to one of the lobes on MBP (Fehr, 

Frommer et al., 2002). During interaction with maltose, these two fluorophores move 

closer together resulting in a fluorescence-intensity change. In a micro-titer assay, three 

different constructs were evaluated and their affinities for maltose were determined to be 

2.3, 25 and 226 μM. 

 

Diluted beer samples were examined in the above system for maltose quantification. 

Compared to HPLC determinations (3.5 mM maltose) of maltose in these samples, the 

microtiter plate assay exhibited approximately ten times higher maltose concentration (30 

mM). This higher response is probably due to the higher affinity for several other malto-

oligosaccharides. For example, Kd values for wild type MBP against maltose is 

approximately 1 μM while it is 0.2 μM for maltotriose (Ferenci, Muir et al., 1986). 

 

Using Cy3 and Cy3.5 as donor–acceptor pairs, another microtiter plate assay was 

developed and tested (Medintz, Anderson et al., 2004). Cy3-labeled MBP was biotinylated 

and coupled to an avidine-coated micro-titer well along with a carbohydrate- and Cy3.5-

labeled biotinylated flexible arm composed of DNA. The carbohydrate-label is a β-

cyclodextrin covalently linked to Cy3.5 at the end of the flexible arm and has the ability 

to interact with immobilized MBP resulting in changed fluorescence-intensity ratio as a 

result of FRET. This could present a new general strategy if no conformational changes 

are induced with carbohydrate interactions (Medintz and Deschamps, 2006). 

 

 

6.1.3. Maltose interacting antibodies 

 

As described in Chapter 2.4.2, several antibodies, such as 39.5, show ability to recognize 

not only maltose, but also panose and (Glc)4 with a higher affinity (Ohlson, Bergström et 

al., 1997). All these carbohydrates are based on α1,4-linked glucose to which these types 

of antibodies specifically bind. High concentrations of maltotriose, for example, can be a 

possible contaminant during maltose determinations, as with MBP and α-glucosidase, but 

39.5 has roughly 7-times lower affinity for β-maltotriose than for β-maltose (Ohlson, 

Bergström et al., 1997). This can be contrasted, for example, to MBP which exhibits 
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approximately 5-times higher affinity for maltotriose than for maltose (Ferenci, Muir et 

al., 1986). 

 

Paper III describes a model system based on entrapped FRET assays (Figure 6.1.3:1) in 

a capsule fabricated using a semipermeable polyester tube having 20–30 kDa molecular 

cut-off. The volume of this capsule is approximately 1 μl (6 mm in length with an inner 

diameter of 0.47 mm). When maltose enters the lumen of the capsule by diffusion the 

FRET signal is changed by competition with Cy5-BSA-maltotriitol for binding sites on 

Cy5.5-mAb39.5. That is, fluorescence intensity at 670 nm will be increased and intensity 

at 700 nm will be decreased as a result of decreased FRET with increased concentrations 

of maltose.  

 
Figure 6.1.3:1 Schematic overview of carbohydrate monitoring based on a maltose- 

inhibitory FRET assay. Maltose competes with the conjugate Cy5-BSA-maltotriitol 

(3.1:1:18) to form a complex with Cy5.5-mAb39.5 (2.2:1). In the absence of, or at low 

concentration of maltose (A), FRET from Cy5-BSA-maltotriitol to Cy5.5-mAb39.5 

occurs more often than at (B) with higher competitive maltose concentration, giving a 

higher fluorescence I670 / I700 ratio with higher maltose concentration. Figure from Paper 

III. 
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As discussed in Paper III, binding specificity is a relative concept and can be expressed 

as the ratios of affinities. When determining maltose, where no other interfering 

carbohydrates are expected to be present in the same sample at any significant level, 

responses can still be relevant for maltose quantification. We demonstrated this in Paper 

III by quantifying maltose in crude samples of oat drink. In this system, carbohydrate 

monitoring was shown to be continuous without need for regeneration of occupied sites 

since antibody 39.5 exhibits weak affinity with fast koff rates towards maltose. The setup 

showed rather long equilibrium time (90% of its maximum value), that is, 50 min for 

increased maltose concentration from 1 mM to 2 mM, and roughly 1.5 h (10% of its 

minimum value) for a decrease from 2 mM to 0 mM maltose. However, maltose 

titrations in batch cuvette studies with the same competition as in Paper III, showed 

equilibrium times faster than 3 min, which was the time required to form a homogeneous 

sample by magnetic stirring (data not shown). Increased equilibrium time can most likely 

be ascribed to mass-transfer resistance and orientation of the capsules, since they were 

tightly piled upon each other in the cuvette (resulting in decreased surface-to-volume 

ratio for maltose diffusion). 

 

 

6.2. FOOD INDUSTRY 

 

Maltose is mainly produced in the food industry by enzymes that hydrolyze 

polysaccharides found mostly in starches (Branen, Davidson et al., 2002). Starch contains 

of about 80% amylopectin and 20% amylose. Amylose is a polymer composed of 

approximately 300–400 α1,4-linked glucose units, while in amylopectin branches of the 

α1,4-linked glucose are joined by α1,6-glycosidic bonds. Numerous enzymes can degrade 

starches where, for example, α- and β-amylases can hydrolyze amylose to maltose. These 

enzymes are crucial in beer production during the malting process of barley grains, where 

it is desired to achieve maximum production of enzymes and maximum hydrolysis of not 

only starch, but also β-glucan. Further, production of high maltose syrup with low 

tendency to crystallize is desirable in the food industry since it is also relatively non-

hygroscopic and is used as a nutritious sweetener in various products such as health 
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drinks, frozen desserts, beverages, candy and in bakery products (Gao, 2006). Maltose is 

also the main saccharide in oat drinks (Öste Triantafyllou, 2002) examined in Paper III 

which is an alternative beverage for consumers with lactose intolerance or allergy to milk 

proteins. For example, lactose intolerance is prevalent in North American Caucasians at 

rates of 6–12%, and up to 60–90% in Black Americans, Hispanics and Asians (Kotsonis 

and Mackey, 2001) where strong demand should exist for these products. 
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7. GLUCOSE IMMUNOSENSING 

 

7.1. DIABETES 

 

The number of people suffering from diabetes is increasing world wide due to population 

growth, an aging population, urbanization, and increasing frequency of obesity and 

physical inactivity. The mean prevalence of diabetes for all age-groups world wide was 

estimated to be 2.8% in 2000 and will rise to 4.4% by 2030 (Wild, Roglic et al., 2004). 

Persons with concentrations of < 5.6 mM glucose during fasting are considered by the 

American Diabetes Association to have normal blood glucose plasma values, while 

concentrations ≥ 7.0 mM are diagnosed as diabetics (Genuth, Alberti et al., 2003). There 

are two main groups of diabetics, Type 1 and Type 2. Approximately 10% of diabetics are 

Type 1 characterized by affecting young persons, where the pancreas produces very little, 

if any, insulin. Type 2 diabetes normally affects middle-aged or elderly people, where 

insufficient amounts of insulin are produced, or there is insignificant response to elevated 

insulin levels. In addition to glucose determination in blood plasma, glucose can be 

assessed by testing urine, interstitial liquid, glycated hemoglobin, glycated serum proteins 

and capillary blood glucose (most common in home blood glucose readings). Glucose 

monitoring has been reviewed by Valeri and co-workers (Valeri, Pozzilli et al., 2004).  

 

 

7.2. CANDIDATES FOR GLUCOSE RECOGNITION 

 

Several different glucose sensors are commercially available and have been reviewed by 

Newman and Turner (Newman and Turner, 2005). To develop a continuous, non-

invasive (or at least minimally invasive) biosensor, fluorescence techniques play a crucial 

role, along with selection of appropriate affinity ligands for biosensors. Currently, there 

are several ligands used for glucose recognition such as boronic-acid derivatives, lectins, 

enzymes and periplasmic binding proteins (Moschou, Sharma et al., 2004; Pickup, 
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Hussain et al., 2005; Geddes and Lakowicz, 2006), but most of them exhibit drawbacks as 

viable implantable continuous-use biosensors as reviewed below.  

 

 

7.2.1. Boronic acid 

 

Boronic acid is known to form covalent bonds to cis-diols found in various carbohydrates 

such as fructose, galactose and glucose. Boronic acid normally exhibits a significantly 

higher selectivity for fructose than for glucose, but this difference in selectivity has partly 

been decreased by structural modification (Di Cesare and Lakowicz, 2001; Cao, Diaz et 

al., 2002). High pH above physiological values is usually required for efficacy due to high 

pKa value for boronic acid, which is usually an obstacle for practical use of boronic-acid 

derivatives in these applications. Optic contact lenses with phenyl boronic acid have been 

developed for glucose monitoring in tear fluid (Badugu, Lakowicz et al., 2005) and for 

lactate monitoring during exercise (Sartain, Yang et al., 2006), since boronic acid also 

reversibly binds to lactate. 

 

 

7.2.2. Lectins 

 
Concanavalin A (Con A) 
 

The first optical biosensor for glucose was based on Concanavalin A (Con A) as 

described by Shultz and co-workers (Schultz, Mansouri et al., 1982). Con A is a plant 

lectin composed of four identical monomeric units giving opportunity for polyvalent 

interactions (Ballerstadt, Evans et al., 2006). This biosensor was based on direct intensity 

measurements of unbound fluorescein isothiocyanate (FITC)-labeled dextran entrapped 

in a hollow-fiber dialysis membrane coated with Con A (Schultz, Mansouri et al., 1982; 

Mansouri and Schultz, 1984). In competition with glucose, FITC-dextran dissociates 

from the surface-immobilized Con A into solution where light originating from an optical 

fiber excites the complex. This sensor was further developed using FITC and 



 56

tetramethylrhodamine isothiocyanate (TRITC) as a donor–acceptor pair for FRET 

analysis (Meadows and Schultz, 1993). Both FITC-dextran and TRITC-ConA were free 

in solution inside the hollow-fiber membrane. This FRET pair was later replaced by 

FITC and rhodamine isothiocyanate (RITC) in a sealed hollow fiber placed in a flow-

through cuvette (Ballerstadt and Schultz, 1997). Con A was used as a cross binder 

between mannose-coupled dextran polymers labeled with FITC or RITC. Further FRET 

studies have been facilitated by Cy5-Con A (donor) conjugates against maltoitol-insulin-

malachite green (acceptor) conjugates (Tolosa, Malak et al., 1997). Since this insulin 

conjugate carries only one maltoitol molecule, only monovalent interactions with Con A 

are possible. A similar, but different strategy for a biosensor setup is shielding or 

quenching the donor-conjugate inside an acceptor-labeled porous polymer bead. This 

system is based on competition between Alexa488-ConA (donor) and Sephadex 

G150/G200 beads labeled with safranin O and pararosaniline (acceptor) (Ballerstadt and 

Schultz, 2000). This biosensor was further developed with NIR by using Alexa647-ConA 

(donor) and Sephadex-alkali blue 6B (acceptor) (Ballerstadt, Polak et al., 2004). 

 

One barrier for ConA-based biosensors is the tendency for ConA complexes to 

precipitate after extended periods of incubation, particularly at low-glucose concentration 

(Tolosa, Malak et al., 1997; Russell, Pishko et al., 1999). However, perhaps the major 

obstacle for Con A to be used in an implantable biosensor is the potential risk for 

toxicological and negative immunogenic effects (Ballerstadt, Evans et al., 2006).  

 

 

Human lectins 
 

Mannose- or mannan-binding lectin (MBL) is an example of a human lectin with 

biosensor potential. It is composed of various oligomer structures with two to six 

subunits each comprising three carbohydrate recognition domains (Jack, Klein et al., 

2004). This lectin exhibits affinity for various carbohydrates (e.g. mannose, fructose, 

glucose, lactose,, and galactose) and has been shown to work in the physiological range of 

glucose concentration where response is tunable by modification of glucose-competing 

polymers (Struve, Kristensen et al., 2006). Another example of a human lectin with 
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biosensor potential is human red cell glucose transporter GLUT 1, which is a 

transmembrane protein with a Kd value of 16 mM for glucose (Lundqvist and Lundahl, 

1997; Hu, Peng et al., 2000). 

 

 

7.2.3. Enzymes 

 

Enzymes are perhaps the most common biological component in glucose-monitoring 

biosensors. This is due to varying access of detectable substrates and products. For 

example, the cofactor flavin adenine dinucleotide (FAD) in glucose oxidase (Gox) serves 

as electron mediator and is capable of oxidizing glucose, giving glucono-lactone and 

FADH2. The FADH2 can further react with O2 giving H2O2 and FAD. Thereafter Gox is 

ready to react with a new glucose molecule. In total, the reactions consume O2 and 

glucose, giving glucono-lactone as a product. This latter product is easily hydrolyzed, 

giving gluconic acid (or gluconate and H+). Glucose concentration can therefore be 

indirectly determined by measuring several components of such as O2, H2O2 or H+ 

(D'Orazio, 2003; Pickup, Hussain et al., 2005; Wu and Choi, 2006). 

 

In a continuous biosensor, it is problematic to control all parameters that have an impact 

on the above reactions since substrate diffusion and their products are required to pass 

through a membrane, for example (McSchane, 2006). Further, local concentration of O2 

is normally the rate-determining component instead of glucose during physiological 

conditions. Additionally, drifting calibration curves are also common as enzyme activity 

changes over time. 

 

A novel approach is to remove the cofactor in the enzyme thus giving rise to an apo-Gox 

having only the capability to act as an affinity ligand with no enzymatic ability. An apo-

form of Gox from Aspergillus niger exhibits a Kd value of about 10 mM for glucose 

(D'Auria, Herman et al., 1999), and is thus a potential candidate for sensors. A FRET 

setup has been implemented by using FITC-dextran and TRITC-apo-GOx encapsulated 

in polyelectrolyte microcapsules (Chinnayelka and McShane, 2005).  
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Glucose oxidase is perhaps the most investigated enzyme (Moschou, Sharma et al., 2004; 

Pickup, Hussain et al., 2005), but several others have been used in glucose sensing such as 

hexokinase, glucokinase (D'Auria, DiCesare et al., 2002), and glucose dehydrogenase with 

its corresponding apo-form (D'Auria, Di Cesare et al., 2000). 

 

 

7.2.4. Glucose/galactose-binding protein (GBP) 

 

Glucose- or galactose-binding protein (GBP) is a periplasmic binding protein with 

affinity for glucose in the micromolar range (Dwyer and Hellinga, 2004). Not surprisingly, 

this protein has been investigated in a similar way for MBP with environmentally 

sensitive probes (Tolosa, Gryczynski et al., 1999; Salins, Ware et al., 2001) at various 

locations in mutants of GBP with diverse affinities for glucose (Kd; 0.1 μM to 318 mM) 

(de Lorimier, Smith et al., 2002). Furthermore, green fluorescence protein (GFP) and 

yellow fluorescence protein (YFP) have been bound with GBP creating a FRET-based 

glucose sensor entrapped in dialysis hollow fiber (Ye and Schultz, 2003). 

 

 

7.3. ANTIBODIES FOR GLUCOSE RECOGNITION – A “NEW” CLASS 

 

Antibodies for antigen recognition in immunosensors have been extensively applied, 

where, for example, both direct- and indirect-optical approaches have been adopted 

(D'Orazio, 2003). As reviewed in Chapter 2.4.1, there are various antibodies with affinity 

for dextran, isomalto-oligosaccharides and derivatives of glucose (Nashed, Perdomo et al., 

1990), including human polyclonal antibodies against dextran (Anastase, Letourneur et al., 

1996) with activity for glucose (Chacko and Appukuttan, 2003). As described in Paper 

IV, we developed a monoclonal antibody with appreciable affinity for glucose in the 

range of the high end of physiological glucose concentrations. In this paper, we describe 

affinity for glucose with mAb 3F1E8-A2 to be approximately 19 mM in Kd at room 

temperature. In comparison with mannose and galactose, the Kd values are approximately 

61 mM and 140 mM, respectively, which corresponds to lower affinity of approximately 
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3- and 7-times, respecitively. Interestingly, this antibody can distinguish small changes in 

molecular structure (Figure 2.2:2) of the carbohydrates by affinity chromatography 

(Figure 4:3). 

 

Mannose concentration in blood plasma increases in diabetic patients and correlates well 

with blood glucose, but it is approximately 100-times lower (60 μM) than glucose 

(Pitkanen, Vanhanen et al., 1999). Also, galactose concentration is significantly lower, 

with more than 1000-times lower concentration (0.1–6.3 μM) than glucose (Ning and 

Segal, 2000). Due to these low concentrations of mannose and galactose, and to the low 

affinities compared to glucose, it is not likely that these two monosaccharides will 

interfere with glucose determination in vivo. More importantly is the higher affinity for 

isomalto-oligosaccharides such as dextran. For example, an intravenous delivery of 

dextran can cause severe competition with glucose.  

 

The model system described in Paper III has the potential to be adapted for in vivo 

glucose monitoring if proper competition can be designed by a non-immunogenic 

competitor along with antibodies (or fragments thereof) having an affinity for glucose. 

Conceptually, capsules can be subcutaneously inserted for monitoring glucose 

concentration in interstitial fluid (Fogh-Andersen, Altura et al., 1995). Glucose 

concentration in interstitial fluid is strongly correlated with blood glucose within a few 

seconds to 15 min lag time (Koschinsky and Heinemann, 2001). Other sensor setups 

based on microcapsules (Chinnayelka and McShane, 2006), microdialysis and 

ultrafiltration (Ballerstadt and Schultz, 1996), along with calculations and modeling of 

response time in hollow fiber membranes, have been described elsewhere (Clark, Barbari 

et al., 1999). 

 

In Paper III, we described a donor–acceptor pair at the border of NIR that was chosen 

and measured using crude samples. We found it is feasible to accomplish these 

measurements, and were able to maintain high signal-to-noise ratios (Bambot, Rao et al., 

1995). This is a desirable property for maltose monitoring in crude food samples, but is 

also crucial for transdermal readings with implantable glucose biosensors. An advantage 

with monoclonal and recombinant antibodies over many other candidates for glucose 
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monitoring in implantable biosensors, is the ability to fully humanize the antibody or 

antibody fragment, thereby eliminating potential for immunogenic hazard (van Dijk and 

van de Winkel, 2001). 
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CONCLUSIONS 

 

We have demonstrated that weak affinity interactions of monoclonal antibodies to 

carbohydrate antigens can be detected and quantified by intrinsic tryptophan fluorescence 

alterations in antibodies. Thermodynamic studies showed a rough doubling in affinity 

with a temperature decrease of 10 °C. Hydrogen bonds and van der Waals forces were 

the most important factors mediating attraction, but also hydrophobic effects from 

glycosyl residues modulated the binding. These weak/transient binding events have been 

monitored in a TIRF setup with immobilized monoclonal antibodies, where rapid on- 

and off-rates were followed and reached equilibrium in a short time without the need for 

regeneration. By facilitating the changes in intrinsic tryptophan fluorescence, it was 

possible to examine these interactions without the need for any extrinsic labeling. It was 

further demonstrated that a TIRF-based immunosensor based on transient binding can 

monitor instant changes in antigen concentration. Immobilization of the antibody 

resulted in a decreased affinity, probably related to a smaller contribution of binding 

enthalpy change. 

 

However, in a competition assay with extrinsic fluorescence labeling it was established 

that FRET can be applied for weak/transient interactions of antibodies to carbohydrate 

antigens. By entrapment of the components in small semipermeable capsules a 

convenient flow system was fabricated allowing on-line measurements. Quantification of 

maltose concentration was performed in the mM-range without need for regeneration. 

High specificity for maltose was shown in crude samples with quantification in 

accordance with batch analysis. By optimized capsule design, this FRET-based 

immunosensor should be of interest to the food and diagnostics industries. The selected 

donor–acceptor pair works in the NIR region with the advantage of low- or non-

fluorescence contribution from other interfering substances. 

 

Furthermore, a monoclonal antibody was developed with potential for use as a glucose 

immunosensor applied to such important needs as diabetes monitoring. Its ability to 

interact with glucose was determined by competitive weak affinity chromatography. This 
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antibody binds transiently to monosaccharides including glucose by utilizing cross-

reaction with a carbohydrate polymer of dextran. Affinity toward glucose was in the 10 

mM range, similar to blood glucose concentration. Additionally, selectivity for glucose 

was greater than for similar monosaccharides. By humanizing and integrating this 

antibody or a fragment of it into a fluorescence platform for monitoring glucose in vivo, it 

has viable and exciting potential as an alternative where other glucose-binders might fail. 
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