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ABSTRACT 

 Oligosaccharides have various fundamental roles, ranging from providing 

nutritional and flavoring support to being involved in fertilization and parasite infection 

processes.  Maltooligosaccharides are used heavily in the food and pharmaceutical industries, 

cellooligosaccharides have shown promise as prebiotic candidates, and cyclodextrins are 

potential candidates for drug delivery.  Factors such as degree of polymerization and hydrogen 

bonding play key roles in the aforementioned processes and phenomena.  Other factors such as 

anomeric configuration have been shown to influence bacterial binding and docking, while the 

glycosidic linkage is known to be a factor in binding processes such as those related to the 

interspecies spreading of avian influenza virus. 

Our group has pioneered the use of size-exclusion chromatography (SEC) in 

investigating solution conformational entropy (∆S) of select O-linked disaccharides and their 

monosaccharide constituents. I recently expanded the scope of these investigations to quantitate 

the ∆S of several homologous series of oligosaccharides, malto- and cellooligosaccharides and 

cyclodextrins.  By using SEC and appropriate selection of hydrogen-bond accepting or non 

hydrogen-bond accepting solvents, I was able to isolate and quantitate the individual 

contributions of degree of polymerization, anomeric configuration, linearity versus cyclicity, and 

hydrogen bonding to the solution conformational entropy of the oligosaccharides.  Due to the 

importance of oligosaccharides in biomolecular recognition phenomena, the next step was to 

study oligosaccharides at quasi-physiological conditions, i.e., in an aqueous solvent, at 37° C, 

and at a pH of 7.39. 

In the final step of the research I isolated the effects of glycosidic linkage on solution 

conformational entropy.  To this effect, I compared homologous series of α-(1→6) and β-(1→ 3) 

oligomers, individually, to their α-(1→ 4) and β-(1→4) counterparts, respectively.  The α-(1→6) 

oligomers were the isomaltosides with DP 2-7, which were compared to the 

maltooligosaccharides.  The β-(1→ 3) series examined were the laminarbiosides with DP 2-7, 

compared to the previously studied cellooligosaccharides.
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CHAPTER 1 

INTRODUCTION 

Carbohydrates & Oligosaccharides 

1.1 Historical Background 

The origins of carbohydrate chemistry can be traced back to early civilizations.  By 

alcoholic fermentation of grain starch and grape sugar, beer and wine was manufactured 

by the Egyptians.  In the Far East sugarcane was grown, and sucrose was isolated from 

the juice of the plant.  Progress in the manufacture of sugar came about during the French 

Revolution, when Europe had to get sugar from the sugar beet.  Civilizations of the Far 

and Near East also  isolated cellulose fibers by separating the fibers from the non fiber 

tissues in flax.1  

 In addition to the manufacturer of sucrose and extracting cellulose fibers 

carbohydrates play a major role in a number of other industries.  These industries include: 

(1) the pharmaceutical industry in the areas of drug delivery, antibiotics and a range of 

other biological processes2, (2) the food industry, in which carbohydrates are used as 

sweeteners as well as for nutritional and flavoring support3, used in the fermentation 

process to make beer and wine, as texture modifiers in a number of foods and gum, and 

(3) the textile industry which, despite the influx of synthetic fibers, is still dependent on 

cellulose. 

 Carbohydrates play a major role in the process of life, DNA is a polymer made up 

of repeating units four nucleotides of 2-deoxy-D-erythro-pentofuranose. The sequence of 

these four nucleotides constitutes the coded template responsible for replication and 

transcription.  The science behind molecular biology is based on the properties of these 

four nucleotides.  Saccharide derivatives are a key part of enzyme systems, and are 

responsible for cell recognition.  Carbohydrates are best known for being a source of 

nutrition, being metabolized to produce energy.  It is estimated that the average 

percentage of carbohydrates consumed by humans in comparison to other food types is at 

over 80%. 
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1.2 Definition and Classification of Carbohydrates 

 In the nineteenth century it was discovered that all sugars known at the time had 

the formula Cx(H2O)y.  They were thought to be hydrated carbons and so were called 

carbohydrates.  This name was not only applied to soluble sugars, but also to other 

polysaccharides such as starch, that were thought to be hydrated carbons.  Today, 

carbohydrate can be applied to a large number of organic compounds which do not 

necessarily have the hydrogen and oxygen atoms in the molecular ratio of 2:1 but which 

can be either synthesized from or hydrolyzed to monosaccharides.  The word sugar has 

come to mean a number of things: (1) sucrose by the general public, (2) glucose to those 

in the medical profession, (3) and mono- to polysaccharides to chemists and carbohydrate 

scientists.  The term sugar is slowly being replaced by the term saccharide, which means 

sugar like.  Saccharide is usually prefixed with by mono-, di-, oligo-, or poly- to 

designate the degree of polymerization of the specific compound in question. 

 Carbohydrates are classified according to their degree of polymerization, which 

include monosaccharides and their derivatives, and polymeric carbohydrates, which are 

made up of oligosaccharides, polysaccharides, DNA, and RNA.  These carbohydrates 

differ in the type of bridge that links their monosaccharide units.  Oligosaccharides and 

polysaccharides are polyacetals, linked by acetal oxygen bridges.  DNA and RNA are 

poly(phosphoric esters), linked by phosphate bridges.  The remainder of the discussion 

the focus will be on mono- and oligosaccharides. 

 Monosaccharides are chiral polyhydroxyalkanals or polyhydroxyalkanones which 

are often times in the cyclic hemiacetal forms.  Monossacharides are divided into two 

major groups, aldoses or ketoses.  This division is based on whether their acyclic form 

posses an aldehyde group or  a keto group.  These groups are then further classified by 

the number of carbons in the monosaccharide chain, with names such as trioses, tetroses, 

pentoses, etc.  Finally, monosaccharides can be grouped according to the size of their 

rings into furanoses (five-membered rings) and pyranoses (six-membered rings).  The 

furanose ring is made up of four carbon atoms and one oxygen atom while the pyranose 

is made up of 5 carbon atoms and one oxygen atom.  Monosaccharides, as the name 

denotes, are monomeric in nature and for that reason can not be depolymerized by 

hydrolosis to simpler sugars. 



 

 3

 The word oligosaccharide derives it name from the Greek oligos, few and Latin 

saccharum, sugar.  Oligosaccharides have a degree of polymerization (DP) = 2-10, and 

are composed of monosaccharides linked together by acetal oxygen bridges, and upon 

hydrolysis, yield one or two types of monosaccharides.  Oligosaccharides can be grouped 

into (1) simple oligosaccharides, oligomers which on complete hydrolysis yield only 

monosaccharides, and (2) conjugated oligosaccharides, oligomers linked to a 

monosaccharide such as a lipid or peptide.  Simple oligosaccharides can also be classified 

according to degree of polymerization, into disaccharides, trisaccharides, 

tetrasaccharides, pentasaccharides, etc.  The can also be classified according to whether 

or not the oligomer chain has a hemiacetal function (latent aldehyde or keto group) at one 

end.  These terminal groups can be converted to carboxylic groups by oxidants, so these 

oligosaccharides are referred to as reducing.  The oligosaccharides that resist oxidation 

are referred to as nonreducing.  Whereas all monosaccharides are reducing, there are 

some oligosaccharides that are reducing and non reducing. Table 1. shows the 

classification of oligosaccharides and gives the names of some of the more common 

oligomers. 
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Table 1.1 Classification of Some Common Oligosaccharides (Hassan S. El 
Khadem Carbohydrate Chemistry Monosaccharides and Their Oligomers) 

 

 

1.3 Importance of Oligosaccharide Conformation 

 Oligosaccharides are key components in a number of areas, including but not limited to 

having physiological roles, as well as in agriculture and textiles.  The end-use properties of 

oligosaccharides depend greatly on their structure.  There are a number of structural parameters 

that can affect the structure of an oligosaccharide and in doing so affect the end-use property or 

function. Below in Table 1.2 are a few oligosaccharides with their functions or properties.  In the 

following sections I will briefly describe some structural parameters and give an example of how 

these parameters affect the end-use properties of some oligosaccharides. 
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Table 1.2 Oligosaccharides and their functions. (Pure Appl. Chem. 2002, 74, (7), 
1271-1279  

Year Oligosaccharides Other 

saccharides 

Functions or 

properties 

 Indigestible Digestible   

     1967   Inverted Sugar Economical 
sweetner 

1970   Maltitol Low caloric 
1979  Maltooligosylsucrose 

(Coupling sugar®) 
 Low cariogenic 

1982 Fructooligo- 

(Meioligo®) 

  Bifidogenic 

1984  Maltotetraose 

(Fujioligo®) 

 Moderate sweetness 

 Isomaltooligo- 

(Isomalto®) 

 Bifidogenic 

  Palatinose Low Caloric 
1989 Galactooligo- 

(Oligomate®) 

  Bifidogenic 

  Erythritol Noncaloric 
1990 Xylooligo- 

(Xylooligo®) 

  Bifidogenic 

 Gal-sucrose 

(lactosucrose®) 

  Bifidogenic 

1993 FOSHU 
Approval 

  Improvement of GI 
condition 

2000 FOSHU 
Approval 

  Promotion of 
Mineral Absorption 
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1.3.1 Anomeric Configuration 

 To understand anomeric configuration you must first look at the anomeric carbon.  The 

anomeric carbon in oligosaccharides can be recognized as the carbon which is attached to two 

oxygen atoms by a single bond.  The anomeric configuration can be either alpha (α), in which the 

hydroxyl group points down, in the axial position, or it can be beta (β) in which the hydroxyl 

group is pointing up and is in the equatorial position.  The difference can be seen in Fig. 1 , with 

A representing the alpha anomeric configuration and B representing the beta anomeric 

configuration.  α,α-Trehalose has been found to prevent thermal denaturation of proteins as well 

as prevent dehydration-induced protein damage.4 Trehalose has also been found to preserve and 

maintain the activity and functionality of some desiccant-resistant organisms, which can survive 

for years without water.4, 5 The protective and preventative properties of the trehalose have been 

contributed to its anomeric configuration. 

 

 

Figure1.1 Representation of the alpha and beta anomeric configuration in glucose 
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1.3.2 Glycosidic Linkage 

 Glycosidic linkage starts with the glycosidic bond.  The glycosidic bond is the bond from 

the anomeric carbon to the –OR group, or in the case of oligosaccharides the glycosidic bond is 

considered to be the bond between two monosaccharide units.  Glycosidic linkage refers to how 

the glycosidic bonds connects the monosaccharides together.  For example a 1,4 glycosidic 

linkage tells us that the glycosidic bond connects carbon #1 of one monosaccharide unit with 

carbon #4 of the next monosaccharide unit, which can be seen below in the figure of maltose. 

 

 

Figure 1.2 Illustration of glycosidic linkage in maltose. 

 

 

 Studies have been done which illustrate the importance of the glycosidic linkage of 

oligosaccharides.  Shinya and co-workers reported on the avian influenza virus and why there 

was not a rapid spreading of the virus.6  Shinya and associates tested different types of tissue 

from within the human respiratory tract for receptors which the virus could bind to.  Human flu 

viruses preferentially bind to α 2,6 galactose receptors, which are found in the upper respiratory 

tract, from the nose to the lungs, while avian viruses preferentially bind to α 2,3 galactose 

receptors that are commonly found in birds but thought to be almost absent in humans.  Shinya’s 

team found that humans have α 2,3 galactose receptors, but these receptors are only found deep 

1 

4 



 

 8

within the lungs, in and around the alveoli.  Any avian virus that does bind to the α 2,3 galactose 

receptors deep within the respiratory tract are not as easily expelled from the body from deep 

within the lungs.  The α 2,6 and α 2,3 galactose receptors differ by their glycosidic linkage, and 

this difference in glycosidic linkage of the receptors is a key reason to why we do not see rapid 

spreading of the avian influenza virus. 

1.3.3 Degree of Polymerization 

 Degree of polymerization can be defined as the number of repeat units in an average 

polymer, or oligomer chain.  The degree of polymerization, DP, can have an effect on the end 

use properties of oligomers.  With an increase in the DP comes an increase in the flexibility of 

the oligomer, and although the exact role of flexibility is not known it is still considered to be an 

important factor in determining the end-uses of oligosaccharides.   Uses of cyclodextrins are 

partially dependent upon the DP, with a change in chain length varying the size of the cavity and 

thus changing the size of what can be transported within.  Research has also been done which has 

shown that a change in DP can affect the starch digestion rate of β-amylase and maltogenic α-

amylase.7  

1.3.4 Intramolecular Hydrogen Bonding 

 Hydrogen bonding can be broken down into two classes of hydrogen bonds: 

intermolecular and intramolecular hydrogen bonds.  Most intramolecular hydrogen bonds in 

oligosaccharides take place between the functional groups branching off of the furanose or 

pyranose rings.  Intramolecular bonds also form across glycosidic linkages that join adjacent 

sugar rings.  These bonds account for the macromolecular structure and structural specificity of 

the oligosaccharides present in glycoproteins, required for molecular recognition in cell-cell 

interactions.8  This cross-glycosidic linkage intramolecular hydrogen bond has a considerable 

effect on the conformational freedom of the oligomer. 

 Toufeili and Dziedzic tested a hypothesis that intramolecular hydrogen bonding is 

responsible for the sweetness of maltitol.9 This hypothesis was tested by the synthesis of maltitol 

analogues which differed in configuration at C3
” and C4

’.  Sensory evaluation of maltose and the 

maltitol analogues showed that the non-reducing end of the analytes is involved in generation of 
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the sweet response, and that intramolecular hydrogen bonding is responsible for accession of 

maltose to the receptor site on the tongue. 

 

1.3.5 Substituents 

 Substituents can play a role in oligosaccharide chemistry, by affecting the rheological 

properties, as well as having an effect on conformation and stability.  Here are just a few 

examples of how substituents can play a role on the properties of oligomers and polymers.   

Xanthan contains the substituents pyruvyl and acetal groups.  These substituents play a role in 

the conformational stability as well as the rheology of xanthan in aqueous solutions.10  The acetyl 

groups also play a role in the interaction of xanthan with other polysaccharides.  With the 

introduction of hydrophobic methyl groups (-CH3) onto cellulose, which is rich in hydrophilic –

OH groups, cellulose becomes water soluble or organo-soluble, depending on the degree of 

substitution.11 
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1.4 Oligosaccharides to be studied 

  

 

Figure 1.3 Maltooligosaccharides. α-(1→4)-linked glucopyranosyl-glucopyranose. DP 2-7 
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Figure 1.4 Cellooligosaccharides. β-(1→4)-linked glucopyranosyl-glucopyranose DP 2-5 

 

 

Figure 1.5 Cyclodextrins. α-(1→4)-linked glucopyranosyl-glucopyranose. DP 6-8 
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Figure 1.6 Isomaltooligosaccharides. α-(1→6)-linked glucopyranosyl-glucopyranose. DP 2-7 
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Figure 1.7 Laminaribiosides. β-(1→3)-linked glucopyranosyl-glucopyranose. DP 2-7 
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CHAPTER 2 

SIZE-EXCLUSION CHROMATOGRAPHY AND THE CALCULATION OF 

�S 

2.1 SEC Historical Perspective 

 Chromatogrpahy is thought to have originally been founded by Michael S. Tswett in the 

time of 1903-1906.  He described the separation of vegetable pigments in petroleum ether on 

calcium carbonate and recognized the method as a process.12 In 1959 Porath and Flodin, 

developed a cross-linked polydextran gel which, when swollen in an aqueous media, could be 

used to separate water-soluble molecules.13 This gel was commercially available and was known 

as Sephadex. Sephadex has been used for the separation of biopolymers in low pressure systems 

while using aqueous mobile phases.  This separation process came to be known as gel filtration 

chromatogrpahy (GFC).   In 1964 John Moore developed the use of polystyrene gels for MM and 

MMD analysis of synthetic polymers in organic solvents, and in doing so gel permeation 

chromatography (GPC) was created.14  

 During the early phases of SEC separation the particle diameter was 37-70 �m, with 

analysis times ranging from 3-4 hours.  The coulmns were usually 4 ft long and generated about 

1300-2300 theoretical plates per meter.  In the 1970s, with a more rigid column packing, the 

particle diameter was 10 �m and allowed for theoretical plates to be ~10,000 per meter.  With 

this improvement of theoretical plates and column efficiency column lengths and analysis times 

were greatly reduced.15 Today the number of theoretical plates is up to 25,000 per meter and 

analysis times ranging from 20 mins to 1 hour. 

2.2 Applications 

The separation range for SEC is approximately 102 to 106 g/mol, thus giving a wide 

separation range. SEC is a separation technique that can be used for biopolymers and synthetic 

polymers as well.  Although polymers larger than 106 g/mol can be analyzed there are concerns 

of non-size exclusion effects which could take place, such as shear degradation and 

concentration effects. 
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Biopolymers are of great interest due to their wide range of applications.  Separation and 

characterization of these biopolymers can lead to improved capabilities of the polymers as well 

as even predicting behavior.  Physiological properties of bio- and synthetic polymers, such as 

ligand binding, kinetic and conformation studies, and protein folding can be studied using SEC.  

Some biopolymers have a very limited solubility, high molar masses and broad molar mass 

distributions, or long- or short-chain branching.  Not only is SEC paired with MW-sensitive 

detectors, but with online spectroscopic detectors such as Fourier transform infrared (FTIR), 

NMR and MS, for the purpose of determining the compositional heterogeneity of polymers. 

SEC is the size based separation of analytes in solution.   Not only is SEC used to obtain 

molecular weight averages (Mn, Mw), but also the molecular weight distribution (MWD) of 

polymers.  In using SEC, correlations can be drawn between molecular weight or molecular 

weight distribution information and a number of polymer properties, a few of which are listed 

below in table 2.1. 

 

Table 2.1 Examples of Effect of Molecular Weight or Molecular Weight Distribution on 
Polymer Properties 

Property Correlation 

Tensile Strength Strength increases with increasing Mn 

Toughness Toughness increases with increasing Mn 

Hardness Decreases with narrowing the MWD 

Elongation Decreases with narrowing the MWD 
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2.3 SEC Retention
12, 16

 

In chromatography, samples migrate through the column and elute separately at different 

times.  As the sample migrates through the column it is carried by the mobile phase and is 

retained by either interacting with the surface of the stationary phase or some other retention 

mechanism.  In SEC, the separation mechanism is one of partitioning in and out of the pores 

between the stationary and mobile phases.  In SEC the retention mechanism we see that the 

solute distribution between phases is due to entropy instead of enthalpy differences.  Since the 

overall separation mechanism for SEC differs from that of LC, SEC technologies have been 

developed differently.  As a result of being developed differently there is a different set of 

nomenclature used for SEC and LC methods. Being that SEC is in fact derived from LC here I 

will first speak on the LC terminology, to be closely followed by the SEC terminology. 

Retention in LC can be reported as: 1. Retention time, tR; 2. Retention volume, VR; 3. 

peak capacity factor, k’; and 4. Solute distribution coefficient, KLC. Retention time  is the time 

required for a peak to elute from the column after it is injected, and can be affected by changes in 

the experimental conditions, such as flow rate and columns used.  The retention volume, VR, 

accounts for flow rate differences. In order to calculate retention volume, flowrate (F) as well as 

retention time must be known. 

VR = FtR 

Even though retention volume doesn’t change with a change in flow rate it can still vary with a 

difference in column size and also instrument dead volume.  These differences can be 

compensated for with k’, which is the ratio of the weight of solute in the stationary phase to that 

in the mobile phase.  The weight fraction of solute left in the mobile phase is 1/(1 + k’). An 

unretained peak, a peak which is not retained at all by the column(s), tR = t0, and k’ = 0, at which 

point the value of the solute weight fraction in the mobile phase equals 1.  The analytes only 

move when they are in the mobile phase, so the retention time is inversely proportional to the 

weight fraction: 

1:1/1 + k’ = tR: t0 

this can also be written as 
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or 

 

this is, of course, assuming a constant flow rate, in which VM = Ft0 for the retention volume of 

the unretained solute.  Since k’ doesn’t account for the differences in the stationary-phase 

concentration caused by differences in the porosity and surface area of the column, the value of 

k
’ increases with increasing stationary-phase loading, a different parameter must be used to 

define retention, KLC. The variable KLC is the ratio of solute concentration in the stationary phase 

to that in the mobile phase 

In other LC methods the components of the elution are retained on or by the column 

packing and elute after the unretained peak, whereas in SEC the solutes are partially excluded 

from the column and elute ahead of the unretained peak.   As the sample mixture flows through 

the column(s), packed with an inert porous packing, the large, high MW solutes which are too 

large to penetrate into the pores samples the void volume V0, which is, the volume of the mobile 

phase that is located between the column packing.  As the size of the solute decreases the solute 

will start to partition into the pores and elute at a later time.  When the size of the solute is very 

small in relation to the pores it will freely diffuse in and out of the pores, sampling the total pore 

volume, Vi.  The elution volume is equal to the total mobile phase volume of the column. 

Vt = V0 + Vi 

An example of separation behavior as demonstrated by SEC can be seen in Fig. 2.1. 

This separation of sizes is the result of the differential solute distribution between the 

spaces inside and outside the pores of the column packing. This distribution, in SEC, is known as 

the solute distribution coefficient KSEC, which is the ratio of the solute concentration in the pores 

to that outside the pores. 

KSEC = ci/co 
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The values of KSEC vary from 0 to 1.  At KSEC = 0 the sample will elute at the void volume and at 

KSEC= 1 the sample will elute at the total column volume.   In SEC not all of the internal pore 

volume Vi is accessible to the larger solutes, so the concentration of the analytes inside the pores 

decreases with increasing analyte size. With this being the case the total accessible column 

volume for the sample is not (Vo + Vi), but rather (Vo + KSEC Vi).  The general retention equation 

is as follows 

VR = Vo + KSECVi +KLCVS 

In SEC the last term can essentially be ignored and dropped due to the use of inert columns and 

the overall minimal enthalpic contribution on the separation. The equation can now be rewritten 

as follows 

VR = Vo + KSECVi 
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Figure 2.1 Separation Mechanism of SEC (WW Yau, JJ Kirkland, DD Bly, Modern        

Size-Exclusion Liquid Chromatography)      

 

As previously stated, as the analytes migrate through the column they partition in and out 

of the stationary phase, redistributing themselves in an attempt to reach thermodynamic 

equilibrium.  It has been proved that thermodynamic equilibrium has been achieved by flow rate 

studies as well as static mixing experiments.  It was shown by Striegel that if the separation is in 

thermodynamic equilibrium then the solute distribution coefficient,  KSEC, obtained from a  flow 

SEC experiment will vary linearly with the parameter (1-Ci/Co), which is obtained from static 

mixing experiments.17  Evidence of this is clearly shown below in figure 2.2 below. For solutions 



 

 20 

at thermodynamic equilibrium, KSEC can be related to the standard free energy difference (�G°) 

at constant temperature and pressure: 

�G° = -RT ln KSEC 

And 

�G° = �H° - T�S° 

where KSEC is the solute distribution coefficient, R is the gas constant, T is the 

temperature (Kelvin), and ln is the natural logarithm, �H ° the standard enthaply difference and 

�S ° the standard entropy difference.   In SEC the separation is in theory entropically controlled 

and has a very minimal enthalpic contribution, so the enthalpic term �H° can be approximated to 

zero, and KSEC can be derived as 

KSEC ≈ e�S°/R 

When inside the pores the analytes are more restricted than when outside of the pores, and as a 

result the conformational entropy decreases as the analytes partition into the pores. The negative 

value of �S° is a result of this loss of conformational freedom.  From the previously derived 

equation it can also be seen that retention is temperature-independent. There is also experimental 

evidence which confirms this independence, showing that there is a very small change in KSEC 

with a substantial change in temperature.18 
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Figure 2.2 Results of static mixing versus flow SEC experiments. Striegel, A. M. J.    

Chromatogr. A 2004, 1033, 241-245 
 

2.4 Determination of �S 

Calculation of the standard conformational entropy difference between the mobile and 

stationary phases for the oligosaccharides in solution was based on the retention times of the 

peak maxima (VR), as measured by SEC, as well as on the solute distribution coefficient (KSEC). 

These two parameters are related via 

 

KSEC = (VR – Vo)/(Vi – Vo) 
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where Vo is the void volume of the columns and Vi is the total column volume.  The internal pore 

volume of the system is defined as the difference between Vi and Vo.  As all oligosaccharides are 

neutral, as there is no evidence of analyte interaction with the column stationary phase, and as 

elution of larger oligosaccharides always preceded that of smaller sugars, the separation can be 

safely assumed to proceed by a strict size-exclusion mechanism.  Consequently, we can write 

 

∆S = R ln KSEC 

 

Here, we have used R = 8.31451 J mol-1 K-1. The standard entropy difference, -∆S, denotes the 

difference between the conformational entropy of the oligosaccharides in the flowing mobile 

phase outside the pores of the column packing versus the entropy of the oligosaccharides in the 

stagnant mobile phase inside the pores.  

2.5 Previous SEC-Oligosaccharide Work 

 As previously mentioned, our group has pioneered the use of size-exclusion 

chromatography , an entropically-controlled separation technique, in investigating solution 

conformational entropy (∆S) of select O-linked disaccharides and their monosaccharide 

constituents.19 We then expanded the scope of these investigations to quantitate the solution 

conformational entropy of several homologous series of oligosaccharides, linear malto- and 

cellooligosaccharides and cyclodextrins.18, 20  As we were the first to use SEC for ∆S 

determination, we were not the first group to use SEC as a tool for oligosaccharide studies.  

There have been numerous experiments, on oligosaccharides, which have involved SEC, a few 

of which I will discuss next. 

 Oligosaccharides have numerous uses, and it is important to carry out proper analysis and 

characterization of these oligosaccharides.  Cellulose, a polymer consisting of D-glucopyranose 

monomeric units connected through β-(1→4)-glycosidic linkages, is one of the most important 

renewable resources in the world, with approximately 1 x 10 11 tons being produced each year. 
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Anthony Conner, of the U.S. Department of Agriculture Forest Service said that “Size exclusion 

chromatography (SEC) has been and will continue to be an important tool in the characterization 

and analysis of cellulose and cellulosics.”21  Cello-oligosaccharides, which are shorter versions 

of cellulose, display some of the same properties as cellulose and are used to study and better 

understand cellulose and in doing so gain a better understanding of cellulose properties. 

 Starch and starch derivatives are used in many industries: bakery and dairy products, 

soups, pet foods, salad dressings and beverages.21 Due to the importance of starch it in important 

to study its microstructure and hydration properties.  A greater understanding of starch could 

lead to a greater production of starch with desired functional properties.  Motawia et. al. 

chemically synthesized a range of linear and branched oligosaccharides to use as a model system 

to study starch.22  Included in these synthesized oligosaccharides are maltooligosaccharides with 

a DP ranging from 2-7.  With SEC and static light scattering combined they were able to 

determine the molar mass of each oligomer.  Using dynamic light scattering they were able to 

determine the hydrodynamic radius ( Rh).  These calculated radii values were then compared to 

theoretical values.  In these studies it was concluded that linear or branched maltooligosacharides 

can serve as model compounds for predicting the conformation of starch (amylose and 

amylopectin). 

 Heparin is one the most sold drugs in the world, with sales reaching over 2 billion dollars.  

Heparin is not only a coagulant but it is also the glycoaminoglycan (GAG) with the highest 

charge and structure variability.  Interactions between proteins and GAGs referee a number of 

biological functions such as cell adhesion, cell proliferation, protein folding, and blood 

coagulation.23 High pressure SEC provides a fairly rapid and sensitive method to help facilitate 

characterization of polydisperse GAGs.  SEC allows for the measurement of dispersions of GAG 

extracts, separation and isolation various molecular weight or size fractions.  Ziegler and Zaia 

optimized SEC at high pressures which improved separation of GAGs, and due to this 

optimization, GAGs can be studied in microgram amounts, and the size distribution along their 

digestion can be followed without being further purified, which could be important for the 

oligosaccharides used in binding studies.   
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2.6 Experimental Set-up 

  For SEC analysis a typical system will consist of a solvent reservoir, solvent 

delivery system, an injector, column(s), a detector and a data recorder.  The solvent delivery 

system and injector were part of the Alliance Waters 2695 Separations Module.  The unfiltered 

samples were kept in a temperature-controlled sample compartment and each injection volume 

equals 100 �L.  For the aqueous solvents separation occurred over a column bank of four 

analytical Ultrahydrogel 6-�m particle size, 120 Å pore size SEC columns, purchased from 

Waters Corp.  For the organic solvents separation occurred over separation occurred over 

a column bank consisting of four analytical PLgel 5 �m particle size, 50 Å pore size SEC 

columns, purchased from PolymerLaboratories. 

Pictured below in figure 2.3 is a cross-section of the Waters 410 differential refractive 

index detector.  The solvent passes through the reference cell and the solvent-sample mixture 

flows through the sample cell.  The two cells are separated by a glass plate. As the light emitting 

diode shines through the two cells bending of incident light occurs if the two differ in refractive 

index. This difference is measured by the detector cell which shows the variation of the output 

signal, which gives the chromatogram.24  Refractive-index detectors are an ideal detector in that 

they are almost universal in the relation to solvents that can be used.  They offer modest 

sensitivity and are unaffected by flow rate.  There are also a few disadvantages to using a DRI as 

the detector: sensitivity to temperature fluctuations, sensitivity to back pressure, and the absence 

of the use of solvent gradients.  Another factor that could possibly go unnoticed, until after 

experiments have begun, is the refractive index (RI) of the solvent and the sample.  The 

difference in the refractive index of the sample and solvent should be as far apart as possible.  If 

they are too close the sample peak could quite simply disappear.  
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Figure 2.3 Cross section Waters 410 DRI from Waters 410 Operator’s manual 

 

2.7 Organic Solvents vs. Aqueous Solvents 

 Organic solvents which can be used are those which will dissolve polymer samples while 

limiting or suppressing the adsorption of the analytes to the stationary phase.  Most stationary 

phases in organic phase columns are made of a cross linked polystyrene (PS).  Some solvents, 

such as water, acetone, and some alcohols are no solvents for cross linked PS and cause the PS 

gel to shrink. For this reason these solvents cannot be used on cross linked PS columns. 

 The organic solvents used in these series of experiments are N,N-dimethylacetamide 

(DMAc) and dimethylacetamide lithium chloride (DMAc/LiCl).  There are several reasons for 

choosing DMAc and DMAc/LiCl as the solvent to be used.  The solvent DMAc is a polar aprotic 

solvent that doesn’t form any appreciable hydrogen bonds.25 DMAc/LiCl is a solvent that has 

been found to have one of the highest hydrogen bond accepting abilities.26  Thus, we can directly 

attribute the ∆∆S between measurements in DMAc versus in DMAc/LiCl to the difference in 

solution conformational entropy due to intramolecular H-bonding in the oligosaccharides. 
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As previously stated, the separation of water soluble analytes is known as gel filtration 

chromatography. Yau, Kirkland, and Bly state that the separation of water soluble 

macromolecules are desired for the reasons listed below:12 

1. To prepare molecular fractions for characterization or further use. 

2. To serve as a method for desalting or buffer exchange. 

3. To estimate molecular weight using calibration standards 

4. To estimate molecular association constants: 

a. Complexes of small molecules with macromolecules. 

b. Macromolecular aggregation. 

Some examples of uses of these characterized macromolecules are food and feed 

additives,  fragrance transport systems27, and drug delivery systems28.  Due to the fact that most 

recognition processes take place in the human body I will conduct experiments which mimic 

those conditions. Under the “quasi-physiological” conditions I will have an aqueous solvent 

(deionized H2O), at a pH close to that of the human body and at a temperature of 37 °C.   
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CHAPTER 3  

 

INFLUENCE OF ANOMERIC CONFIGURATION, DEGREE OF 

POLYMERIZATION, HYDROGEN BONDING, AND LINEARITY 

VERSUS CYCLICITY ON THE SOLUTION CONFORMATIONAL 

ENTROPY OF OLIGOSACCHARIDES 
 

3.1 Introduction 

The roles of oligosaccharides are as varied as they are fundamental. They provide 

nutritional and flavoring support, constitute essential building blocks of plant cell walls, and are 

involved in processes such as fertilization and parasite infection.2, 3, 29  Physiologically, 

oligosaccharides promote mineral absorption, improve gastrointestinal conditions, and have 

demonstrated immunomodulatory effects.30, 31  While there is a large number of classes of 

oligosaccharides (malto-, isomalto-, cello-, fructo-, and xylooligosaccharides, to name a few), 

many oligosaccharide functions are highly class-specific. Maltooligosaccharides, for example, 

are heavily used in the food and pharmaceutical industries32 and have shown to correlate, via 

their hygroscopicity, the humectant properties of corn starch hydrolysates with the latter’s 

carbohydrate composition,33 while cellooligosaccharides have shown promise as prebiotics 

candidates34 and are widely used as model compounds in the study of cellulose structure.35, 36 

The use of cyclodextrins in separation science is widespread and growing,37 as is their potential 

in the area of drug delivery.28
 

Similar to the case with glycosidic linkage, anomeric configuration has been shown to 

influence properties such as cryptobiological cell protection4 as well as enzymatic and bacterial 

binding and docking,38, 39 with certain DNA aptamers showing selectivity toward cellobiose but 

not toward other O-linked disaccharides.40  Bacteria and parasites often possess surface 

carbohydrates that initiate infection by interaction with appropriate protein surface glycosylation 

sites in the host organism (“site-directed presentation”).41  While the exact role of the flexibility 

of cell surface oligosaccharides in glycolipids and glycoproteins is not yet entirely clear, the 

importance of this flexibility for the structural targeting of recognition events is commonly 

accepted.42  In all these cases, the role of the conformational entropy of the oligosaccharides is 

vital. As stated by Carver in studying oligosaccharides as ligands: “[T]he primary source of the 
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entropic barrier was the loss of conformational degrees of freedom of the ligand on binding… 

[T]he dominant effect for oligosaccharide binding is the loss of degrees of freedom in the 

conformational flexibility of the ligand.”41
 

The role of hydrogen-bonding is likewise essential in carbohydrates, not only at the 

polymeric level (e.g., inter- and intramolecular H-bonding are largely responsible for the 

insolubility of cellulose in most common solvents)43-47 but also at the oligomeric level, where 

intramolecular H-bonding in maltose is believed responsible for this disaccharide’s accession to 

the appropriate receptor site on the tongue and, consequently, for the generation of the sweet 

response.9 

Investigations of the conformational entropy of oligosaccharides have usually proceeded 

by computer modeling.8, 35, 48-52  Furthermore, while entropically-controlled molecular 

recognition phenomena normally occur in solution, the computer modeling studies have 

predominantly (though not exclusively) taken place in vacuo. Previously, our group introduced 

the application of size-exclusion chromatography (SEC), an entropically-controlled separation 

method, to measurement of the solution conformational entropy (∆S) of select O-linked 

disaccharides and their monosaccharide constituents.19, 53  For the case of glucopyranosyl-

glucopyranose pairs, we quantitated the difference in ∆S between α and β anomeric 

configurations for the (1→4) and (1→6) glycosidic linkages, as well as the difference between 

these glycosidic linkages for each type of anomeric configuration. We were also able to ascribe 

the entropic difference between glucopyranosyl-glucopyranose and galactopyranosyl-

glucopyranose disaccharides to the epimerically-generated entropic difference in their 

monosaccharide constituents. 

Here, by comparing three homologous series, linear malto- and cellooligosaccharides and 

cyclodextrins, we have been able to measure the dependence of ∆S on degree of polymerization 

(DP) for each series. We have also been able to compare the difference in ∆S as a function of 

anomeric configuration for each DP and have contrasted the effects of linearity versus cyclicity 

on ∆S of α-(1→4)-linked oligosaccharides of various DP. Additionally, by conducting 

experiments both in the non-H-bond-accepting solvent N,N-dimethyl acetamide (DMAc) and in 

the superb H-bond-acceptor DMAc/LiCl,26, 54, 55 we have quantitated the effects of H-bonding in 
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all of the aforementioned cases. It is this investigation into the effects of H-bonding (which 

would have been quite difficult to conduct under aqueous conditions of analysis) that, in our 

opinion, has proven the most interesting aspect of the present study. Not only does this study 

allow qualitative comparisons but it also provides quantitative experimental data on how the 

titular parameters affect the solution behavior of three important series of O-linked 

oligosaccharides. 

3.2 Experimental Section 

Materials. Oligosaccharides and glucose were purchased from Sigma-Aldrich. All 

carbohydrates are D(+) and sold to at least 95% purity by the manufacturer. Carbohydrates were 

used as received, without further purification. Toluene and LiCl were purchased from Fisher and 

polystyrene standard from Pressure Chemical. LiCl was dried in a vacuum oven at 165 oC for 18 

hours and then stored in a desiccator. Preparation of DMAc/0.5% LiCl, as well as its application 

in the analysis of a variety of natural and synthetic polymers, has been described in detail the 

following references.56-61 

Size-Exclusion Chromatography (SEC). Unfiltered sample injections (injection volume 

= 100 �L, concentration = 2.5 mg/mL in DMAc and also in DMAC/0.5% LiCl) were analyzed 

with an SEC system using degassed DMAc and DMAc/0.5% LiCl as mobile phases at 0.500 

mL/min flow rate. Separation occurred over a column bank consisting of four analytical PLgel 5 

µm particle size, 50 Å pore size SEC columns, purchased from Polymer Laboratories. Detection 

was performed with a Waters 410 differential refractive index (DRI) detector, from Waters Corp. 

Column and detector temperatures were maintained at 50.0 ± 0.1 ºC. The injection compartment 

temperature was 40.0 ± 0.1 ºC, the highest temperature allowed by the instrumentation used, a 

Waters 2695 separations module. The interconnecting tubing between the column bank and the 

detector was wrapped with insulating tape to prevent heat loss during transfer. For all 

chromatographic determinations, results are the averages of six injections, three each from two 

separate sample solution vials. Minor flow rate fluctuations for the saccharide measurements 

were corrected by comparing the retention time of a toluene marker peak in each injection 

(including individual maltose injections) to the average value of this peak for all maltose 

injections. Data acquisition was performed using Data Apex’s Clarity software (V. 2.4.0.195). 
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Calculation of -∆S of Oligosaccharides.
12, 19, 62

  Calculation of the standard 

conformational entropy difference between the mobile and stationary phases for the 

oligosaccharides in solution was based on the retention times of the peak maxima (VR), as 

measured by SEC, as well as on the solute distribution coefficient (KSEC). These two parameters 

are related via 

 

KSEC = (VR – Vo)/(Vi – Vo) 

 

where Vo is the void volume of the columns (measured with 30 000 g/mol narrow polydispersity 

linear polystyrene) and Vi is the total column volume (measured with toluene). The internal pore 

volume of the system is defined as the difference between Vi and Vo. As all oligosaccharides are 

neutral, as there is no evidence of analyte interaction with the column stationary phase, and as 

elution of larger oligosaccharides always preceded that of smaller sugars, the separation can be 

safely assumed to proceed by a strict size-exclusion mechanism. Moreover, we observe a 

difference of one part-per-thousand or less in the values of KSEC for α-glucose, maltose, and 

cellobiose when measured at 50 oC versus at 80 oC. This last fact strongly supports the 

conclusion that separation is predominantly entropic in nature (characteristic of “ideal” SEC 

behavior), as enthalpic interactions with the column packing material would lead to temperature-

dependent values of the distribution coefficient.12  Consequently, we can write 

 

∆S = R ln KSEC 

 

Here, we have used R = 8.31451 J mol-1 K-1. The standard entropy difference, -∆S, denotes the 

difference between the conformational entropy of the oligosaccharides in the flowing mobile 

phase outside the pores of the column packing versus the entropy of the oligosaccharides in the 

stagnant mobile phase inside the pores. The use of the negative sign (i.e., of -∆S) stems from the 
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fact that solute permeation in SEC is associated with a decrease in conformational entropy due to 

the more limited analyte mobility inside the pores. 

3.3 Results and Discussion 

 Results from our experiments in both DMAc and DMAc/LiCl are shown in Table 3.1 and 

Figure 3.1. Maltooligosaccharides are linear α-(1→4)-linked glucopyranosyl-glucopyranose 

oligomers, whereas the linkage in the cellooligosaccharides is β-(1→4). α-, β-, and γ-

cyclodextrins (CDs) are the cyclic equivalents of maltohexaose, maltoheptaose, and 

maltooctaose, respectively. Here, we examined maltooligosaccharides with DP 1 through 7 (M1-

M7), cellooligosaccharides with DP 2 through 5 (C2-C5), and α-, β-, and γ-CDs. This allowed for 

a number of interesting comparisons, described below. 

 

Table 3.1 -∆S of Oligosaccharides in DMAc and DMAc/0.5% LiCl (50 ºC), As Determined by 
Size-Exclusion Chromatography 

Oligosaccharide   -∆∆∆∆S (J mol
-1

 K
-1

) 

         DMAc 

  -∆∆∆∆S (J mol
-1

 K
-1

) 

 DMAc/0.5% LiCl 

α-Glucose (M1)      8.893 ± 0.022     12.94 ± 0.03 
Maltose (M2)    10.91 ± 0.04     15.43 ± 0.04 
Maltotriose (M3)    12.24 ± 0.06     16.93 ± 0.03 
Maltotetraose (M4)    13.31 ± 0.07     18.23 ± 0.09 
Maltopentaose (M5)    14.09 ± 0.03     19.24 ± 0.09 
Maltohexaose (M6)    14.74 ± 0.07     20.10 ± 0.14 
Maltoheptaose (M7)    15.17 ± 0.06     20.96 ± 0.09 
Cellobiose (C2)    10.97 ± 0.02     15.61 ± 0.01 
Cellotriose (C3)    12.52 ± 0.05     17.38 ± 0.05 
Cellotetraose (C4)    13.90 ± 0.04     18.83 ± 0.05 
Cellopentaose (C5)    15.08 ± 0.06     20.16 ± 0.07 
α-Cyclodextrin (α-CD)    13.75 ± 0.06     18.26 ± 0.10 
β-Cyclodextrin (β-CD)    14.35 ± 0.07     19.17 ± 0.06 
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Figure 3.1 Solution conformational entropy (-∆S) of malto- and cellooligosaccharides and 
cyclodextrins as a function of degree of polymerization (DP). Circles correspond to 
cellooligosaccharides, squares to maltooligosaccharides, triangles to cyclodextrins. Filled 
symbols denote results in DMAc, open symbols denote results in DMAc/0.5% LiCl. All data 
obtained at 50 ºC. 

 

Influence of DP. First, we note that for all three homologous series -∆S increases as a 

function of increasing DP. This is true regardless of the presence or absence of H-bonding. From 

a qualitative standpoint this is not particularly surprising, as the conformational phase-space 

occupied by flexible molecules increases with added repeat units. Here, though, we have been 

able to quantitate those changes. In Figure 2.2 we see evidence of this in the earlier elution of 

maltohexaose as compared to maltopentaose, the former being more highly excluded from the 

pores of the column packing than the latter. 
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Figure 3.2 SEC/DRI elution profiles of maltopentaose, cellopentaose, maltohexaose, and α-
cyclodextrin (DMAc/0.5%LiCl, 50 ºC). 

 

 Influence of Anomeric Configuration. Second, we observe that the 

cellooligosaccharides have greater conformational freedom in solution than their malto- 

counterparts, as a result of the higher flexibility of the β anomeric configuration versus the α 

given identical glycosidic linkages, as in the present case. Being less hindered about the 

glycosidic bond than their α counterparts, the β-linked oligosaccharides are thus able to sample a 

larger region of the “conformational map” (the so-called “ψ-φ map”)63, 64 than linear 
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maltooligosaccharides of the same DP. In Figure 2, for example, the higher value of -∆S of 

cellopentaose is reflected in its eluting earlier than maltopentaose (C5 is actually seen to elute 

very near M6, reflecting a ∆∆S of only 0.052 J mol-1 K-1 for this pair in DMAc/LiCl). This agrees 

with our earlier results comparing cellobiose to maltose and also isomaltose to gentiobiose.19  It 

also agrees with numerous computer modeling results from various groups.  The qualitative 

difference we observed between the α and β series of linear oligomers is independent of the 

presence or absence of H-bonding (quantitative differences are discussed later, under Influence 

of H-bonding). The difference between the α and β series increases as a function of DP, 

reflecting a more rapid increase in -∆S in cello- than in maltooligosaccharides with the addition 

of repeat units to the sugars. This would appear to be a direct result of the strong energy minima 

in the O1-C1-O4’-C4’ and in the C1-O4’-C4’-C5’ torsion angles of the α-(1→4) linkage of 

maltose such that continued addition of repeat units ultimately produces one strand of the starch 

double helix.65 

Influence of Linearity vs. Cyclicity. Third, we compare maltooligosaccharides to 

cyclodextrins and see that the more flexible linear oligosaccharides have higher values of -∆S, in 

both DMAc and DMAc/LiCl, than their cyclic counterparts. Tethering the chain ends together 

results in an obvious reduction of allowed conformational states, the -∆S values of which are 

reported here. While our present comparison is restricted to two degrees of polymerization (DP 6 

and 7), we note that over this limited range -∆S increases more quickly as a function of DP for 

the CDs than for the maltooligosaccharides, an observation that is once again independent of H-

bonding. 

Influence of H-Bonding. We now turn to one of the most interesting aspects of this 

study, namely the qualitative and quantitative measure of H-bonding influence on 

oligosaccharide flexibility in solution. As mentioned earlier, the polar aprotic solvent DMAc is 

incapable of any appreciable H-bonding.25, 66  Addition of even a modest half-percent of LiCl, 

however, results in a solvent with one of the highest reported H-bond accepting abilities.26 Thus, 

we can directly attribute the ∆∆S between measurements in DMAc versus in DMAc/LiCl to the 

difference in solution conformational entropy due to H-bonding in the oligosaccharides.  This 

derived quantity is reported in the last column of Table 1. For the malto- series we note that this 
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∆∆S increases from 4.528 J mol-1 K-1 for maltose to 5.786 J mol-1 K-1 for maltoheptaose, while 

for the cello- series ∆∆S increases from 4.632 J mol-1 K-1 for cellobiose to 5.081 J mol-1 K-1 for 

cellopentaose. In both series the increase in -∆S that results from loss of intramolecular H-

bonding becomes more pronounced with increasing DP. It is interesting to note, however, that 

over the range of DP 2-5 where we can compare the malto- and cello- series to each other, ∆∆S 

changes at virtually the same rate for both series. 

For the CDs, ∆∆S as a result of H-bonding ranges from 4.511 J mol-1 K-1 for α-CD to 

5.296 J mol-1 K-1 for γ-CD. In comparing the α- and β-CDs to maltohexaose and maltoheptaose, 

respectively, we note that eliminating intramolecular H-bonding results in a virtual doubling of 

∆∆S between the linear and cyclic oligomers, i.e. ∆∆S between α-CD and M6 is 0.987 J mol-1 K-1 

in DMAc and 1.840 J mol-1 K-1 in DMA/LiCl; ∆∆S between β-CD and M7 is 0.826 J mol-1 K-1 in 

DMAc, increasing to 1.788 J mol-1 K-1 in DMAc/LiCl. Eliminating H-bonding also tends to 

equalize ∆∆S, however: In neat DMAc, the difference between the ∆∆S of the M6/α-CD pair and 

that of the M7/β-CD pair is 0.161 J mol-1 K-1. In DMAc/LiCl, however, this difference has now 

been reduced more than threefold, to 0.052 J mol-1 K-1. It is difficult to ascribe this last 

observation to a single effect. Indeed, examination of the results in Table 3.1 and Figure 3.1 

would indicate the combined influence of several of the previously described phenomena, 

namely of DP, linearity versus cyclicity, and H-bonding, providing another example of the 

complexity that is always present when studying carbohydrates in solution. 

Finally, it is worth addressing two potential concerns with asserting the DMAc versus 

DMAc/0.5% LiCl comparisons solely represent differences due to intramolecular H-bonding in 

the oligosaccharides. Both questions deal with the concentration of LiCl in the solutions: 1) Does 

the LiCl concentration affect the H-bond-accepting ability of the solvent, such that a higher salt 

concentration might provide different values of ∆∆S between neat DMAc and DMAc with 

>0.5% LiCl? 2) Does LiCl concentration affect the size of the oligomers in solution; i.e., does 

increasing the LiCl concentration increase the thermodynamic goodness of the solvent, 

increasing the solvated size of the molecule and, consequently, increasing ∆∆S between 

measurements in neat DMAc versus in DMAc with >0.5% LiCl? To answer the first question we 

turn to the solvatochromic experiments of Spange et al., through which those authors measured 
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the Lewis basicity or H-bond-accepting ability of a variety of solvents, including neat DMAc and 

DMAc with LiCl concentrations varying from 0.5%-15.0%. While the H-bond-accepting ability 

of neat DMAc was only 0.78, addition of 0.5% LiCl increases that value dramatically to 1.75. 

Apposite to our present discussion, further increases in LiCl concentration up to 15.0% showed 

only an ~10% increase in H-bond-accepting ability. This indicates that while addition of LiCl 

provides for a complex with high H-bond-accepting ability, this ability is virtually independent 

of the salt concentration. 

In answer to the second question, McCormick et al. studied solutions of cellulose in 

DMAc with varying percentages of LiCl and observed that a nearly three-fold increase in LiCl 

concentration (to the point of saturation) provided for only an ~5% increase in the intrinsic 

viscosity of the cellulose solutions,43, 67 meaning that molecular size in solution is virtually 

independent of LiCl concentration in DMAc. Therefore, while the difference in the DMAc 

versus DMAc/0.5% LiCl results cannot be ascribed exclusively to H-bonding, it can be ascribed 

predominantly to this effect. 

It should also be noted that the virtual invariance in molecular size in solution (as 

measured by the intrinsic viscosity) with added LiCl, as observed by McCormick et al
43, 67

.,
  is 

also indicative of the fact that there are likely no residual intra- or intermolecular H-bonds 

remaining in the polymers, and thus in the oligomers studied here as well, subsequent to 

dissolution in DMAc with ≥0.5% LiCl. 

3.4 Conclusions 

By applying the methodology of SEC to the study of dilute oligosaccharide solutions we 

have been able to measure the solution conformational entropy of homologous series of linear 

malto- and cellooligosaccharides and cyclodextrins. These experiments allowed us to isolate the 

individual contributions of a number of parameters to the ∆S of the oligosaccharides, namely 

how degree of polymerization, anomeric configuration, linearity versus cyclicity, and hydrogen-

bonding each affects the flexibility of carbohydrates in solution. Intuitive qualitative conclusions 

such as the increase in ∆S with increasing DP or the larger flexibility of the β anomeric 

configuration over the α configuration (given identical glycosidic linkages) have now been given 

quantitative, experimentally-determined values. We have likewise quantitated the effects of 
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linearity versus cyclicity for select α-(1→4)-linked species. Most interesting are the results 

showing how intramolecular H-bonding affects ∆S in all three homologous series, and of how 

this type of bonding affects the rate-of-change of ∆S as a function of DP, especially when 

comparing series that differ by either stereoisomerism or chain conformation. These studies, 

using a method that can be extended to other analytes and experimental conditions, permit not 

only a number of interesting qualitative comparisons but also provide quantitative experimental 

evidence as to how a number of molecular parameters define the conformational phase-space in 

which various oligosaccharide series reside and function. 

The comparisons afforded by conducting experiments in both neat DMAc and in 

DMAc/0.5% LiCl yield quantities such as the H-bonding contribution to ∆S that would not have 

been as readily available from experiments conducted under aqueous conditions. Nevertheless, 

data under these latter conditions are highly desirable for many practical reasons and, as such, 

experiments in this regard are currently underway in our laboratory. 
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CHAPTER 4 

DETERMINING THE SOLUTION CONFORMATIONAL ENTROPY OF 

O-LINKED OLIGOSACCHARIDES AT  QUASI-PHYSIOLOGICAL 

CONDITIONS: 

SIZE-EXCLUSION CHROMATOGRAPHY AND MOLECULAR 

DYNAMICS 

 

4.1 Introduction 

Anomeric configuration, degree of polymerization, and their effect on solution 

conformation are integral factors in the fundamental roles oligosaccharides play in immune 

defense, fertilization, viral recognition, and cell growth and adhesion.2  For malto- and 

cellooligosaccharides, which are used extensively in the food, feed, and pharmaceutical 

industries, degree of polymerization affects Michaelis constants,68  turnover number,68 chiral 

recognition,69 and enzymatic binding,70 while anomeric configuration influences properties such 

as cryptobiological cell protection4 and enzymatic, bacterial, and aptameric docking and 

binding,38-40 among others. 

Estimates of the solution conformational entropy, ∆S, of oligosaccharides have 

traditionally been obtained through computer modeling.8, 48-52  While the modeling studies are 

usually performed in vacuo, most molecular recognition processes take place in solution. 

Recently, we began to explore the use of size-exclusion chromatography (SEC) for determining 

∆S of mono-, di-, and oligosaccharides in solution and have been able to isolate the influences of 

a number of structural parameters on ∆S in select polar aprotic solvent systems.19, 20, 53  These 

results, however, provide limited understanding of the conformational freedom of 

oligosaccharides in aqueous media, where most biological and physiological phenomena occur. 

To this end, the present set of experiments applies the methodology of SEC, an entropically-

driven separation method, to measuring the individual contributions of degree of polymerization 

and of anomeric configuration to the ∆S of linear malto- and cellooligosaccharides under 

conditions we term “quasi-physiological.” This term is meant to imply the aqueous nature of the 

solvent, as well as temperature and pH conditions resembling those within the human body. The 
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term does not include a polyelectrolytic component, due to the neutral nature of the 

oligosaccharides examined here. 

 We have augmented our experimental determination of ∆S with results from computer 

modeling studies at similar conditions. The purpose of this is two-fold: Firstly, we intend to 

compare the experimental and computer modeling results to ascertain the degree of confidence 

that can be placed in the latter. Secondly, we intend to use the modeling results to guide our 

understanding of the separation process. While large discrepancies between modeling and 

experimental results may be due to the level of approximation of the model, they may also be 

due to non-size-exclusion effects in the separation process (or to both), which may lead to a re-

examination of the experimental data. 

 The particular oligosaccharides examined here are the series maltose through 

maltoheptaose and cellobiose through cellopentaose. We also studied the cyclic analogs of 

maltohexaose and maltooctaose, namely, alpha- and gamma-cyclodextrin. It is in the study of 

these cyclodextrins that results from computer modeling using molecular dynamics (MD) 

simulations proved most informative of the non-size-exclusion effects contributing to the 

chromatographic separation of the cyclic oligomers. We believe results of these studies provide 

valuable conclusions for those working in areas such as glycopharmaceuticals, plant polymers, 

and biomolecular recognition and mimicry, provide experimental data for those working in the 

area of computer modeling, and will help expand our understanding of the fundamental 

separation processes involved in the determination of ∆S. 

4.2  Results and discussion 

Results from our SEC experiments, carried out under aqueous, quasi-physiological 

conditions of temperature and pH, are shown in Table 1 and Figure 1. Also shown are results of 

the molecular dynamics simulations of the same oligosaccharides, carried out in explicit aqueous 

solvent as described in the Experimental section.  These results differ from previous results in 

neat N,N-dimethyl acetamide (DMAc) and in DMAc/LiCl due to differences in pore sizes 

between the SEC columns used in the present experiments and the columns used in the organic 

solvent experiments. Also, the -∆S values reflect the solution conformational entropy of the  
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Table 4.1 -∆S of Oligosaccharides in H2O (37° C, pH 7.39), As Determined by Size-Exclusion 
Chromatography and Molecular Dynamics 

Oligosaccharide -∆S (J mol
-1

 K
-1

) 

SEC 

-∆S (J mol
-1

 K
-1

) 

Molecular Dynamics 

α-Glucose (M1) 2.002 ± 0.003 2.50 ± 0.01 
Maltose (M2) 3.266 ± 0.006 3.45 ± 0.01 

Maltotriose (M3) 4.362 ± 0.001 4.35 ± 0.02 
Maltotetraose (M4) 5.295 ± 0.003 5.11 ± 0.02 
Maltopentaose (M5) 6.063 ± 0.000 5.99 ± 0.03 
Maltohexaose (M6) 6.725 ± 0.004 6.61 ± 0.04 
Maltoheptaose (M7) 7.308 ± 0.002 7.77 ± 0.05 
Cellobiose (C2) 3.603 ± 0.004 3.54 ± 0.01 
Cellotriose (C3) 5.006 ± 0.002 4.67 ± 0.01 
Cellotetraose (C4) 6.185 ± 0.007  5.88 ± 0.02 
Cellopentaose (C5) 7.229 ± 0.001 7.25 ± 0.02 
α-Cyclodextrin (α-CD) (2.302 ± 0.001)a 5.90 ± 0.50 
γ-Cyclodextrin (γ-CD) (3.621 ± 0.005)a 7.20 ± 0.50 

 

 

 

 

solvated oligomers; in the present experiments, the oligosaccharides are solvated by several 

water molecules, while in previous experiments solvation was either by several DMAc 

molecules or by several macrocations of the form [DMAcn+Li]+, both of which are substantially 

bulkier than a molecule of H2O.55   Maltooligosaccharides (M series) are linear α-(1→4)-linked 

oligomers, whereas the linkage in the cellooligosaccharides (C series), which are also linear, is 

β-(1→4). For this set of experiments we used maltooligosaccharides with degree of 

polymerization (DP) 1 through 7 (M1 – M7) and cellooligosaccharides with DP 2 through 5 (C2 – 

C5). We proceed to discuss the individual effects of DP and anomeric configuration on -∆S and 

to compare experimental and computational results. Regarding the latter comparison, we also 

examine results obtained for several cyclodextrins. 

 

 

aCD data using SEC are reported here only for comparison to molecular dynamics 
results. SEC analysis of the CDs did not occur by a strict size-exclusion mechanism 
but, instead, reflects a substantial enthalpic contribution to the separation. See text for 
discussion. 
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Figure 4.1 Solution conformational entropy (-∆S) of linear malto- and cellooligosaccharides as a 
function of degree of polymerization (DP). Circles correspond to cellooligosaccharides, squares 
to maltooligosaccharides. Filled symbols represent experimental SEC results, open symbols 
denote molecular dynamics (MD) results. All were data obtained in H2O at 37° C, pH 7.39. In all 
cases, standard deviation is substantially smaller than data markers and, therefore, not shown. 

 

 

The conformational space occupied by a polymer or oligomer increases with each added 

monomer unit.63  For the oligosaccharides studied, this is reflected in a monotonic increase in -∆S 

with increasing DP, as seen in Table 4.1 and Figure 4.1. This relationship extends to the 

hydrodynamic volume occupied by the oligosaccharides in solution, with hydrodynamic volume 
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governing elution order in SEC (analytes occupying a larger hydrodynamic volume in solution 

elute earlier than those occupying a smaller volume). Evidence of this is given in Figure 4.2, in 

which the pentamers of each series are observed to elute earlier in an SEC experiment, and are 

separated with near-baseline resolution, from tetramers of the same series. The steady increase in 

-∆S with DP is also seen in our computer modeling results, where simulation trends mimic 

experimental data. It is worth noting that the ∆∆S between M2 and M7 (4.042 J mol-1 K-1), 

between M2 and M5 (2.797 J mol-1 K-1), and between C2 and C5 (3.626 J mol-1 K-1) derived from 

the experimental data are closely matched by the ∆∆S obtained from the molecular dynamics 

simulations. 
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Figure 4.2 SEC/DRI elution profiles of maltotetraose, maltopentaose, cellotetraose and 
cellopentaose (H2O, 37° C, pH 7.39) 
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Comparing conformational isomers of the same DP, we find that the β anomers have 

consistently higher -∆S than their α counterparts, attributed primarily to the greater flexibility of 

the equatorial glycosidic bond in the former as compared to the corresponding axial bond in the 

latter (given identical glycosidic linkages),64 and also to the reported preference of the hydroxyl 

groups in β-D-glucopyranoses to reorient themselves upon interaction with water molecules, as 

compared to the hydroxyl groups in α-D-glucopyranoses.  When comparing the series dimer 

through pentamer we notice that, as DP increases, so does the ∆∆S between anomers. Another 

way of stating this is to say that there is a faster change in -∆S as a function of DP for the cello- 

series than for the malto- series. This result, which is closely matched by the computer modeling 

calculations, is attributed to the strong energy minima in the O1-C1-O4’-C4’ and in the C1-O4’-

C4’-C5’ torsion angles of the repeat unit of the maltooligosaccharides.65  Continued addition of 

repeat units in the malto- series ultimately produces one strand of the amylose double helix. 

As mentioned, computer modeling was found to adequately simulate important trends 

such as the higher solution conformational entropy of the cellooligosaccharides as compared to 

linear maltooligosaccharides of the same DP, as well as to adequately simulate the increase in -

∆S with increasing DP for each series. The molecular dynamics results for all the data have one 

adjustable parameter: The cavity diameter of pores in the SEC matrix.  Pores in the SEC matrix 

were assumed to be spherical with a diameter D.  A global fit to all the malto- and cello-

oligosaccharide data suggested a value of D = 78 Å, which is the value used in all the 

calculations. This is 35% smaller than the manufacturer’s reported diameter of 120 Å, 

determined from measurements of the exclusion limit of the column.  This discrepancy may be a 

compensation for deficiencies of the simulations; alternatively, this value may accurately reflect 

the polydispersity in size and shape of the pores in the SEC column.  

A brief discussion may help to clarify the role of pore geometry on the best-fit value of 

D.  As shown by Giddings et al.,
71 the partition function KSEC for ideal size-exclusion separation 

of molecules with fixed geometry has the form 
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KSEC = 1 −
rmolecule

rcavity











m

 

 

where rmolecule and rcavity are characteristic dimensions of the molecule and cavity, respectively, 

and m is a parameter characteristic of the geometry.  For spherical particles in slit-shaped pores, 

cylindrical pores, and spherical pores m takes on values of 1, 2, and 3, respectively.  For pores in 

which rmolecule is much smaller than rcavity, 

 

 KSEC ≈ 1 − m
rmolecule

rcavity

 

 

and 

 

 ∆S = −R ln KSEC ≈ mR
rmolecule

rcavity

 

 

In particular, if the cavity is relatively elongated, then its longest dimension – which will 

largely determine the exclusion size of the cavity – may be significantly greater than its shorter 

dimension, rcavity, which controls ∆S.  Cavity asymmetry is thus a plausible reason for the 

discrepancy between the value of D from fitting and that provided by the manufacturer.  

Alternatively, irregularly shaped cavity walls on the scale of a single sugar molecule would 

result in an increased surface area to volume ratio.  Following the analysis of Giddings et al.,
71 

this alteration would be expected to increase the value of ∆S and consequently decrease the 

apparent value of rcavity. 

Regardless of the origin of the apparent cavity radius, analysis of the computational data 

with a value of D near 120 Å results in values of -∆S that are much too small even for the 
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smallest oligosaccharides (maltose and cellobiose).  The large discrepancy in these 

oligosaccharides is difficult to rationalize as a defect in the force field or in the amount of 

sampling. 

Of course, any asymmetry in pore shape would also affect the dependence of -∆S on DP.  

For elongated molecules like the oligosaccharides studied here, elongated cavities would 

manifest themselves as additional downward curvature in the dependence of -∆S on DP.  This 

type of discrepancy is observed: Computational results indicate that -∆S is nearly linear with 

respect to DP, but experimentally there is a downward curvature in -∆S as DP is increased (see 

Figure 4.1).  

 Although additional parameters could be introduced to model pore size polydispersity 

and pore asymmetry in the SEC columns, this would necessitate the introduction of additional 

parameters to be fit, which we did not feel was warranted considering the number of independent 

data points.  Analysis of the molecular dynamics data assuming asymmetric cavities of different 

size did indicate, however, that the choice of D and the amount of asymmetry had only a weak 

effect on the differences between the malto- and cello-oligosaccharide values for the same DP. 

One area where experiment was able to show some limitation of the computational 

method was in the relationship between the ∆∆S of anomer pairs and DP. As seen in Table 4.2 

for the range dimer through pentamer, ∆∆S as determined from SEC results varied linearly with 

DP, whereas ∆∆S from molecular dynamics simulations increased exponentially with DP. As a 

result of these different rates of change, the ∆∆S of the lower DP anomer pairs is underestimated 

by computer modeling while the ∆∆S of the highest anomer pair studied is slightly 

overestimated. Further experiments are planned in this regard, using different cavity sizes as well 

as different cavity shapes. 
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Table 4.2 ∆∆S for anomer pairs, by SEC and MD 

Anomer Pair ∆∆∆∆∆∆∆∆S (SEC) 

(J mol
-1

 K
-1

) 

∆∆∆∆∆∆∆∆S (MD) 

(J mol
-1

 K
-1

) 

M2 – C2 0.337 0.09 
M3 – C3 0.644 0.32 
M4 – C4 0.890 0.77 
M5 – C5 1.166 1.26 
 

 

 The cooperative nature of the relationship between experiment and simulation was again 

demonstrated when studying cyclodextrins (CDs). Firstly, we note that we were only able to 

study α-CD and γ-CD, the cyclic equivalents of maltohexaose and maltooctaose, respectively, as 

the seven-member ring β-CD (the cyclic equivalent of maltoheptaose) was found to be insoluble 

in our aqueous medium. Indeed, studies have shown β-CD to be at least nine times less soluble 

in water than α-CD and eleven times less soluble than γ-CD.72  Interestingly, these solubility 

differences are attributed to an entropic effect, as the enthalpies of solution of the three CDs are 

quite similar to each other. Also tangentially related to the present study, it was molecular 

dynamics which revealed that β-CD induces a stronger ordering on the surrounding water 

molecules than do the other two cyclodextrins, lowering the conformational entropy that 

purportedly causes the seemingly abnormal solubility of β-CD.73 

 Secondly, we note that a large discrepancy was observed between our MD and SEC 

results for -∆S of α- and γ-CD, as seen in Table 4.1. We had originally checked that our SEC 

experiments were being conducted at “near-ideal” SEC conditions, i.e., in the virtual absence of 

enthalpic effects, by examining the highest and lowest homologs of each linear series at two 

different temperatures, 25 and 37 oC. As seen in Table 4.3, a difference of less than 3 parts per 

hundred was observed between the KSEC of maltose, maltoheptaose, cellobiose, and 

cellopentaose when measured at the two different temperatures, confirming that chromatographic 

elution was almost exclusively controlled by entropic factors. We had assumed that the CDs 

were also eluting by a strict size-exclusion mechanism and had not checked for a temperature-

dependence of their distribution coefficients. Guided by the MD results, we performed this 

check. As seen in Table 4.3, the elution of α- and γ-CD is driven by a substantial enthalpic 
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component, as evidenced by the large change, on the order of 10 – 15%, between the KSEC values 

determined at 25 versus 37 oC. We thus see how computer simulation has the ability to inform 

our knowledge of the separation processes and to point us in the direction of possible errors. 

 

Table 4.3 Solute distribution coefficient (KSEC) as a function of temperature 

Oligosaccharide KSEC (25 oC) KSEC (37 oC) 

Maltose (M2) 0.683 0.675 
Maltoheptaose (M7) 0.430 0.415 
Cellobiose (C2) 0.657 0.648 
Cellopentaose (C5) 0.431 0.419 

α-Cyclodextrin (α-CD) 0.890 0.758 
γ-Cyclodextrin (γ-CD) 0.718 0.647 

 

 

4.3. Experimental 

 Materials. Oligosaccharides and glucose were purchased from Sigma-Aldrich. All 

carbohydrates are D(+) and sold to at least 95% purity by the manufacturer. Carbohydrates were 

used as received, without further purification.  Acetone was purchased from Fisher, methanol 

and NaOH from VWR, and pullulan standard from Polymer Laboratories. 

Size-Exclusion Chromatography (SEC). Unfiltered sample injections (injection volume 

= 100 �L, concentration = 2.5 mg/mL in H2O) were analyzed with an SEC system using 

degassed, deionized H2O as mobile phase at 1.000 mL/min flow rate.  Eluent temperature was 37 

°C, with pH adjusted to 7.39 using 1M NaOH.  Separation occurred over a column bank 

consisting of four analytical Ultrahyrogel 6 �m particle size, 120 Å pore size SEC columns, 

purchased from Waters Corp. Detection was performed with a Waters 410 differential refractive 

index (DRI) detector. Column, detector, and injection compartment temperatures were 

maintained at 37.0 ± 0.1 ºC. The interconnecting tubing between the column bank and the 

detector was wrapped with insulating tape to prevent heat loss during transfer. For all 

chromatographic determinations, results are the averages of six injections, three each from two 

separate sample solution vials. Minor flow rate fluctuations for the saccharide measurements 
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were corrected by comparing the retention time of an acetone marker peak in each injection 

(including individual maltose injections) to the average value of this peak for all maltose 

injections. Data acquisition was performed using Clarity software (V. 2.4.0.195) from Data 

Apex. 

Calculation of -∆S of Oligosaccharides.
12, 17

 Calculation of the standard conformational 

entropy difference between the mobile and stationary phases for the oligosaccharides in solution 

was based on the retention times of the peak maxima (VR), as measured by SEC, as well as on 

the solute distribution coefficient (KSEC). These two parameters are related via 

 

0

0
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VV
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i

R
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−

−
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where V0 is the void volume of the columns and Vi is the total column volume. The internal pore 

volume of the system is defined as the difference between Vi and V0. The SEC columns are 

quoted by the manufacturer as having an exclusion limit of approximately 5 000 g/mol, based on 

analysis of poly(ethylene oxide) and poly(ethylene glycol) standards in water. We measured V0 

using a 22 800 g/mol narrow polydispersity (Mw/Mn = 1.07) pullulan standard, and measured Vi 

using acetone. As seen in Table 4.3, for the linear oligosaccharides we observe a difference of 

three parts per hundred or less in the values of KSEC for the maltose, maltoheptaose, cellobiose, 

and cellopentaose when measured at 25 °C versus at 37 °C.  This strongly supports the 

conclusion that separation of the linear malto- and cellooligosaccharides is predominantly 

entropic in nature (characteristic of “near-ideal” SEC behavior), as enthalpic interactions with 

the column packing material would lead to highly temperature-dependent values of the 

distribution coefficient (as observed with the cyclodextrins; see Table 3). Consequently, we can 

write 

 

     SECKRS ln=∆  
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Here, we have used R = 8.31451 J mol-1 K-1. The standard entropy difference, -∆S, denotes the 

difference between the conformational entropy of the oligosaccharides in the flowing mobile 

phase outside the pores of the column packing versus the entropy of the oligosaccharides in the 

stagnant mobile phase inside the pores. The use of the negative sign (i.e., of -∆S) is a result of 

solute permeation in SEC being associated with a decrease in conformational entropy  due to the 

more limited analyte mobility inside the pores as compared to analyte mobility in the interstitial 

volume. 

Simulation Techniques. Simulations of the malto- and cellooligosaccharides and 

cyclodextrins were performed using the AMBER suite of molecular dynamics programs (version 

8).74  The GLYCAM-04 force field was used for all simulations.74, 75  The carbohydrate topology 

and initial coordinates were constructed using the program LEAP.74  All carbohydrates were 

solvated using TIP3P waters.76  The simulations were done using periodic boundary conditions at 

constant temperature. All systems were minimized, equilibrated for a minimum of 1 ns, and 

followed by a production run of 10 ns. Equilibration was performed in an NpT ensemble at 1 atm 

and 37 oC. Production runs were either NVT (malto- and cello- series) using the final 

equilibrated volume or NpT (cyclodextrins). A timestep of 2 fs was used, and samples were 

taken at 0.5 ps intervals. SHAKE/RATTLE77, 78 was used to constrain all bonds involving 

hydrogen, and SETTLE79 was used to maintain a rigid water model. Temperature and pressure 

were maintained via a weak coupling algorithm,80 with coupling times of 1 ps. Electrostatic 

interactions were calculated using the Particle-Mesh-Ewald method,81 with a 4th-order Lagrange 

interpolation for the charges, a grid spacing no larger than 1 Å, and a screening charge width of 

approximately 2.5 Å. Tin-foil boundary conditions were maintained at infinity. Short-range 

interactions were switched-off smoothly starting at 8 Å, and a tail correction applied for the 

electrostatic and Leonard-Jones interactions. Linear center of mass motion was periodically 

removed. Pair-list updates were performed every 10 integration steps. No scaling was applied for 

1-4 interactions to be consistent with the GLYCAM-04 force field. 

Following Giddings et al.
71

, -∆S was computed by assuming that the carbohydrates are 

sterically restricted when in the stationary phase. -∆S was computed as ∆S = R ln f, where f is the 

fraction of volume that is accessible to the carbohydrate. The accessible volume f is taken as the 
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fraction of sites for which all carbohydrate atoms are no closer than 1 Å from the walls of the 

stationary phase cavities. Accessible volume was determined by a grid search using a 1 Å grid. 

The error induced by using a 1 Å grid was tested on selected sets of data and found to be less 

than sampling errors in all cases. Stationary phase cavities are assumed to be spherical with a 

uniform diameter D, which was globally fit to the malto- and cellooligosaccharide data. The 

exact shape and size distribution of the cavities is unknown, and our choice appears to be a 

reasonable choice considering our data and existing analyses of SEC cavity dimensions. All 

results presented here were made with D = 78 Å. Approximate error bars are determined by 

block averages. 

 The method we use to determine -∆S from the simulations is a rigorous application of 

free energy perturbation, albeit one which makes minimal assumptions about the nature of the 

actual interactions between the cavity walls and oligosaccharides.  Starting from the standard 

free energy perturbation expression, we can determine the free energy change created by the 

introduction of cavity walls as 

 

 

∆G = −RT ln e
− ∆H / RT

0

= −RT ln fe
−0 / RT + (1 − f )e−∞ / RT( )

= −RT ln f

 

 

where the subscript 0 indicates a thermal average over the saccharide simulated without cavity 

walls and ∆H is the change in enthalpy upon the introduction of the cavity walls.  The primary 

assumption is that the cavity has no effect upon the oligosaccharide conformation when it is not 

in contact with the cavity walls (∆H = 0).  Recent simulations  suggest that small hydrophobic 

cavities may have significantly altered water structure near their surface, which may affect the 

oligosaccharide structure in other ways.82  In addition, we assume that the change in free energy 

of the saccharide is unchanged when not in a cavity.  This is equivalent to assuming that the 

relative surface area to volume ratio is negligible outside of the cavities of the SEC column. 

 The simple assumption about the type of cavity-oligosaccharide interactions is supported 

by the SEC data, which show a minimal contribution of ∆H to KSEC.  Also, it is convenient, 
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because it does not require any additional knowledge or assumptions about the atomic- and nano-

scale structure of the pores. Although additional information about the pore structure would 

allow for more detailed perturbative calculations, these calculations would be at the limit of 

existing computational means and would introduce additional computational uncertainty. 

4.4 Conclusions 

Size-exclusion chromatography was used to determine the solution conformational 

entropy of two series of linear O-linked oligosaccharides, maltooligosaccharides and 

cellooligosaccharides, in water at quasi-physiological conditions of temperature and pH. For 

each series, -∆S was observed to increase steadily with degree of polymerization, though a faster 

rate of increase was displayed by the cellooligosaccharides over their malto- counterparts. 

Comparison between members of each series with the same DP confirmed the larger 

conformational freedom (higher flexibility) afforded by the equatorial β anomeric configuration 

as compared to the axial α anomeric configuration, given the same (1→4) type glycosidic 

linkage and the same D-anhydroglucose constituent monosaccharide units. Comparison between 

linear and cyclic α-(1→4)-linked oligosaccharides was precluded by the extremely low solubility 

of β-cyclodextrin as well as by the large enthalpic contribution to the SEC analysis of α- and γ-

cyclodextrin. 

Experimental SEC results were augmented by those obtained using molecular dynamics 

computer modeling simulations. In most cases, the latter modeled trends in the experimental data 

quite well and even quantitative comparisons between experimental and simulation-generated 

data sets were possible. An exception was the case of the ∆∆S between anomer pairs where, over 

the DP range 2 through 5, the experimentally determined ∆∆S grew linearly with DP whereas the 

∆∆S derived from simulation data grew exponentially with DP. As a result of this, the ∆∆S 

between anomers of DP 2 through 4 was underestimated by computer modeling, whereas the 

∆∆S between DP 5 anomers was overestimated by the simulations. It is important, however, to 

also point out that the first indication that α- and γ-cyclodextrin did not elute via a strict size-

exclusion mechanism was provided by the computer modeling simulations. This behavior of the 

cyclodextrins was subsequently confirmed experimentally. 
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The experimental approach and results presented here can contribute to our growing 

understanding of the influence of structural parameters such as anomeric configuration, 

glycosidic linkage, degree of polymerization, etc. on the solution behavior of carbohydrates and 

on their physiological roles. This understanding is augmented by the insights provided by 

computer modeling, which appears to adequately represent the experimental data and which also 

provides insight regarding potential experimental pitfalls. 
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CHAPTER 5 

INFLUENCE OF DEGREE OF POLYMERIZATION AND GLYCOSIDIC 

LINKAGE ON THE SOLUTION CONFORMATIONAL ENTROPY OF 

OLIGOSACCHARIDES IN AN AQUEOUS SOLVENT 

5.1 Introduction 

Glycosidic linkage, degree of polymerization and their effect on solution conformation 

are key factors in the roles that oligosaccharides play in viral recognition, immune defense, 

bacteria selectivity, and cellular signaling and recognitioin.2, 83, 84  Maltooligosaccharides are 

used as a food additive to help in the retrodegradation process which helps control storage 

stability and food quality.85
 

Our group pioneered the use of size-exclusion chromatography to calculate the solution 

conformational entropy of oligosaccaharides,19, 53 and expanded this research to looking at the 

effect of structural parameters on solution conformational entropy in organic and aqueous 

solvents.18, 20In an attempt to still expand upon the previous work the experiments done here 

examine two new series of oligosaccharides, the isomaltooligosaccharides and laminaribiosides.  

We isolated the effect(s) of glycosidic linkage on solution conformational entropy by comparing 

the isomaltooligosaccharides to the maltooligosaccharides and the laminaribiosides to the 

cellooligosaccharides.  We believe that the work here will add to our knowledge of carbohydrate 

chemistry and provide valuable information for those in the pharmaceutical, food, and plant 

polymers industry. 

5.2 Experimental Section 

Materials. Oligosaccharides and glucose were purchased from Sigma-Aldrich and 

Seikagaku corp. All carbohydrates are D(+) and sold to at least 95% purity by the manufacturer. 

Carbohydrates were used as received, without further purification. Toluene and LiCl were 

purchased from Fisher and polystyrene standard from Pressure Chemical. LiCl was dried in a 

vacuum oven at 165 oC for 18 hours and then stored in a desiccator. Preparation of DMAc/0.5% 

LiCl, as well as its application in the analysis of a variety of natural and synthetic polymers, has 
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been described in detail in references 56-61. Acetone was purchased from Fisher Chemical Co. 

and pullulan standard from Polymer Laboratories. 

 

Size-Exclusion Chromatography (SEC). Unfiltered sample injections (injection volume 

= 100 �L, concentration = 2.5 mg/mL in DMAc and also in DMAC/0.5% LiCl) were analyzed 

with an SEC system using degassed DMAc and DMAc/0.5% LiCl as mobile phases at 0.500 

mL/min flow rate. Separation occurred over a column bank consisting of four analytical Plgel 5 

µm particle size, 50 Å pore size SEC columns, purchased from Polymer Laboratories. Detection 

was performed with a Waters 410 differential refractive index (DRI) detector, from Waters Corp. 

Column and detector temperatures were maintained at 50.0 ± 0.1 ºC. The injection compartment 

temperature was 40.0 ± 0.1 ºC, the highest temperature allowed by the instrumentation used, a 

Waters 2695 separations module. The interconnecting tubing between the column bank and the 

detector was wrapped with insulating tape to prevent heat loss during transfer. For all 

chromatographic determinations, results are the averages of six injections, three each from two 

separate sample solution vials. Minor flow rate fluctuations for the saccharide measurements 

were corrected by comparing the retention time of a toluene marker peak in each injection 

(including individual maltose injections) to the average value of this peak for all maltose 

injections. Data acquisition was performed using Data Apex’s Clarity software (V. 2.4.0.195). 

Calculation of -∆S of Oligosaccharides.
 Calculation of the standard conformational 

entropy difference between the mobile and stationary phases for the oligosaccharides in solution 

was based on the retention times of the peak maxima (VR), as measured by SEC, as well as on 

the solute distribution coefficient (KSEC). These two parameters are related via 

 

KSEC = (VR – Vo)/(Vi – Vo) 

 

where Vo is the void volume of the columns, measured with 22,800 g/mol narrow polydispersity  

pullulan standard. Vi is the total column volume, measured with acetone.  The internal pore 

volume of the system is defined as the difference between Vi and Vo. As all oligosaccharides are 
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neutral, as there is no evidence of analyte interaction with the column stationary phase, and as 

elution of larger oligosaccharides always preceded that of smaller sugars, the separation can be 

safely assumed to proceed by a strict size-exclusion mechanism. Moreover, in the aqueous 

solvent we observe a difference of three parts per thousand or less in the values of KSEC when 

measured at 25 and 37 °C.  This last fact strongly supports the conclusion that separation is 

predominantly entropic in nature (characteristic of “ideal” SEC behavior), as enthalpic 

interactions with the column packing material would lead to temperature-dependent values of the 

distribution coefficient.13a  Consequently, we can write 

∆S = R ln KSEC 

Here, we have used R = 8.31451 J mol-1 K-1. The standard entropy difference, -∆S, denotes the 

difference between the conformational entropy of the oligosaccharides in the flowing mobile 

phase outside the pores of the column packing versus the entropy of the oligosaccharides in the 

stagnant mobile phase inside the pores. The use of the negative sign (i.e., of -∆S) stems from the 

fact that solute permeation in SEC is associated with a decrease in conformational entropy due to 

the more limited analyte mobility inside the pores. 

5.3 Results and Discussion 

Being that most of the recognition phenomena takes place within the body we will first delve 

into the aqueous data and all that it entails.  The data from the aqueous experiments are shown in 

Table 1. Maltooligosaccharides are α-(1→4)-linked glucopyranosyl-glucopyranose oligomers, 

whereas isomaltooligosaccharides are α-(1→6)-linked glucopyranosyl-glucopyranose oligomers. 

Here we examined isomaltooligosaccharides and laminaribiosides with a DP of 2-7 which lead to 

a number of comparisons. 

 Influence of DP. It can be seen in Table 5.1 that as the DP increases the -∆S increases. 

This can be attributed to the fact that as the DP increases, addition of monomer units, the 

conformational space occupied by the oligomer also increases. Just as in our previous work, this 

monotonic increase in -∆S relates to hydrodynamic volume of the oligomer occupied in solution. 

The larger oligomers which occupy a larger hydrodynamic volume will elute before the smaller 

analytes which occupy a smaller hydrodynamic volume. 
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Table 5.1 –�S of oligosaccharides in H2O (37 °C, pH 7.39) as determined by SEC and molecular 
dynamics. 

Oligosaccharide -�S (SEC) 
(J mol-1 K-1) 

Isomaltose 4.074 ± 0.003 
Isomaltotriose 5.498 ± 0.001 
Isomaltotetraose 6.597 ± 0.002 
Isomaltopentaose 7.505 ± 0.004 
Isomaltohexaose 8.287 ± 0.002 
Isomaltoheptaose 8.957 ± 0.007 
Laminaribiose 3.674 ± 0.002 
Laminaritriose 5.000 ± 0.002 
Laminaritetraose 6.119 ± 0.003 
Laminaripentaose 7.077 ± 0.006 
Laminarihexaose 7.914 ± 0.002 
Laminariheptaose 8.637 ± 0.006 

 

 

 

Fig. 5.1 Structures of maltose and isomaltose, with highlighted glycosidic linkage points. 
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Isomaltose 
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Influence of Glycosidic Linkage. Here we observe that the α-(1→6)-linked 

isomaltosides have greater conformational freedom than the α-(1→4)-linked 

maltooligosaccharides. This greater conformational freedom can be attributed to the extra 

degrees of freedom displayed in the α-(1→6)-linkages (Figure 5.1) within the isomaltosides.  

The calculated data can be seen in Table 5.2a. This data agrees with molecular dynamics results 

done by Robert Best, Graham Jackson, and Kevin Naidoo, in which they state that isomaltose 

posses grater flexibility than maltose, in water. The greater conformational freedom and thus 

greater occupance of hydrodynamic volume is evident Figure 5.2, where it clearly shows 

isomaltose eluting before the more conformationally restricted maltose.  While comparing the 

malto- and isomaltooligosaccharides we can also notice that as a function of DP there is an 

increase in the ��S between the oligomers of comparable DP, as shown in table 5.3.  This can 

also be stated as, there is a faster rate of change for the �S for the isomalto series as compared to 

the malto series.  This phenomena is contributed to the strong energy minima in the O1-C1-O4’-

C4’ and in the C1-O4’-C4’-C5’ torsion angles in the repeat unit of the maltooligosaccharides, as 

wewll as the extra degree of freedom in the α-(1→6)-linkage in isomaltooligosaccharides. The 

data obtained for the comparison of the cellobiosides and laminaribiosides can be seen in Table 

5.2b. The β-(1 →4) and β-(1 →3) linkages display very little difference in the –�S values. Over 

the comparable range of DP 2-5 the cellobiosides have higher values with the exception of DP 2. 

With this data being obtained it can be concluded that the β-(1 →4) and β-(1 →3) linkages 

display a negligible difference in conformational freedom in solution. 

 

Table 5.2a  –�S of Malto- and Isomaltosides in H2O (37 °C, pH 7.39) 

DP Maltosides –�S (J mol-1 K-1) Isomaltosides –�S (J mol-1 K-1) 

2 3.266 ± 0.006 4.074 ± 0.003 
3 4.362 ± 0.001 5.498 ± 0.001 
4 5.295 ± 0.003 6.597 ± 0.002 
5 6.063 ± 0.000 7.505 ± 0.004 
6 6.725 ± 0.004 8.287 ± 0.002 
7 7.308 ± 0.002 8.957 ± 0.007 
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Table 5.2b  –�S of Cellobiosides and Laminaribiosides in H2O (37 °C, pH 7.39) 

DP Cellobiosides –�S (J mol-1 K-1) Laminaribiosides  -�S (J mol-1 K-1) 

2 3.603 ± 0.004 3.674 ± 0.002 
3 5.006 ± 0.002 5.000 ± 0.002 

4 6.185 ± 0.007 6.119 ± 0.003 

5 7.229 ± 0.001 7.077 ± 0.006 

6 Not available 7.914 ± 0.002 
7 Not available 8.637 ± 0.006 

 

 

 

 

 

Table 5.3 ∆∆S for isomer pairs 

Isomer Pair ∆∆S (SEC) 
(J mol-1 K-1) 

M2-IM2 0.808 
M3-IM3 1.136 
M4-IM4 1.302 
M5-IM5 1.442 
M6-IM6 1.562 
M7-IM7 1.649 
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Figure 5.2 SEC/DRI elution profile of maltose and isomaltose (H2O,37 °C, pH 7.39) 

 

 

 

5.4 Conclusions 

 During this study SEC was used to determine the solution conformational entropy of two 

new series of oligosaccharides, isomaltooligosaccharides and laminaribiosides in an aqueous 

soluton at quasi physiological conditions.  For both series there was a steady increase in the –�S 

value with an increase in DP.  Comparisons of the glycosidic linkages, in 

isomaltooligosaccharides versus maltooligosaccharides confirmed that the 
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isomaltooligosaccharides have greater flexibility in solution, due to the extra degree of freedom 

about the α-(1→6) linkage.  Comparison between the β-(1→4)- linked cellooligosaccharides and 

β--(1→3)-linked laminaribiosides led to the conclusion that there is a negligible difference in –

�S in solution between the two series. 

 The experiments here can contribute to the growing understanding of certain structural 

parameters, such as degree of polymerization and glycosidic linkage, on the behavior of sugars in 

solution and on their physiological roles. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions  

As previously stated our group was the first to use SEC to investigate solution 

conformational entropy (∆S) of select O-linked oiligosaccharides.  In these experiments the use 

of SEC to determine solution conformational entropy was performed.  The experiments were 

performed in the solvents DMAc, DMAc/LiCl as well as under aqueous conditions.  It is well 

documented throughout this dissertation that the results from the SEC experiments confirmed the 

conformational entropy of a select series of oligosaccharides.  Furthermore, the results gave 

more validity to computer modeling estimates of solution conformational entropy, which has 

been the traditonial method of obtaining this data. 

 In the initial experiments we measured the solution conformational entropy of  malto- 

and cellooligosaccharides as well as cyclodextrins.  These experiments allowed us to isolate the 

contributions of several structural parameters on �S, namely of how degree of polymerization, 

linearity versus cyclicity, anomeric configuration, and intramolecular hydrogen bonding affect 

the conformational freedom of the oligomers in solution.  While it was already qualitatively 

known that with an increase in DP there is an increase in �S, or that the β anomeric configuration 

has greater flexibility than the α anomeric configuration (of identical glycosidic linkages),  there 

are now quantitative, experimentally determined values.  We also quantitated the effect of 

linearity versus cyclicity for a select α-(1→4) linked series.  Also in this set of experiments we 

showed how intramolecular H-bonding affects �S in all three series of oligosaccharides, while 

also showing how this H-bonding affects the rate of change of �S as a function of DP.  By 

conducting experiments in both neat DMAc and DMAc/0.5% LiCl, and isolating the contribution 

of H-bonding to �S, we have yielded results which otherwise would not have been available 

from experiments carried out under aqueous conditions. 

 As previously stated, the first set of experiments was carried out in DMAc and 

DMAc/LiCl, but these results provide a limited understanding of the conformational flexibility 

of oligosaccharides in an aqueous media, where most biological and recognition phenomena take 
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place.  To this end, we carried out experiments in what was termed quasi physiological 

conditions, or rather conditions which closely mimic those conditions within the human body.  

The results displayed the same trends that were found in the previous set of experiments.  There 

was an increase in the �S values with an increase in DP.  A comparison of malto- and 

cellooligosaccharides, of the same DP, confirmed the greater conformational freedom of the β 

anomeric configuration as compared to the α anomeric configuration.  The comparison of linear 

and cyclic oligosaccharides could not be included due to the low solubility of β-cyclodextrin as 

well as a large enthalpic contribution to the analysis of the α- and γ-cyclodextrin.  Experiments 

were however augmented with the results obtained using molecular dynamics computer 

modeling simulations.  Most of the computer simulations data matched the experimental data 

quite well.  It was with the addition of the computer modeling that gave the first indication that 

α- and γ-cyclodextrin did not elute under a strict size-exclusion mechanism, which was later 

confirmed experimentally.  With these set of experiments we were able to further our 

understanding of solution conformational entropy as well as gain a degree of confidence in 

computer modeling and gain insight into what could and did prove to be potential problems. 

 Lastly we expanded the scope of our research to include two more series of select 

oligosaccharides, the isomaltooligosaccharides and laminaribiosides, as well as another structural 

parameter, glycosidic linkage.  These last experiments still encompassed quantifying the affects 

of DP and glycosidic linkages.  With both new series, the isomaltooligosaccharides and 

laminaribiosides, the  �S values increased with increasing DP.  In the comparison of glycosidic 

linkages, the α-(1→6) linked isomaltooligosaccharides displayed greater flexibility than the α-

(1→4)-linked maltooligosaccharides, while the cellooligosaccharides and laminaribiosides 

displayed a negligible difference in conformational freedom in solution. 

6.2 Future Work 

 As previously mentioned, our group was the first to use of SEC to measure solution 

conformational entropy of di- and oligosaccharides.  I believe this work is just the beginning and 

can be expanded upon with success in several different areas. 

 There are a large number of classes of oligosaccharides (malto-, cello, fructo-, isomalto-, 

laminari-, galacto-, and xylooligosaccharides, to name a few), yet I have only studied and 

discussed 5 select series.  As shown in Table 1.2, there are still more series of oligosaccharides 
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which have applications today but have not been previously by our group or any other to 

calculate the �S of these oligomers.  As there was a limited availability of complete series of 

oligosaccharides to study during my time in the lab,  I believe that as more series become 

available more studies can and should be carried out.  With these studies, a greater understanding 

of the conformational flexibility of more oligosaccharides can be gained, and in the gaining of 

these results will be a better understanding or perhaps improvement upon the functions or end-

use properties of oligomers. 

 One of the main factors in choosing a column packing is the purpose of the separation.  

For small molecules (<5000 MW), a single pore size in the range of 40-60 Å is desired.12 In this 

study, experiments were carried out in both organic and aqueous solvents.  The results in the 

aqueous solvent differ from the results in neat DMAc and DMAC/LiCl.   This difference can be 

attributed to the differences in pore sizes between the columns used in the two different solvents.  

For the organic solvents the columns had a 50Å pore size, but in the aqueous experiments the 

columns had a pore size of 120Å, the smallest available pore size.  For these experiments the �S 

values are the “solution” conformational entropy of solvated oligomers.  In the aqueous results 

the oligosaccharides are solvated by several water molecules, while in the oragnic experiments 

the oligosaccahrides are solvated by several DMAc molecules or by several macrocations of the 

form [DMAcn +Li]+.  Both the neat DMAc and the macrocation are substantially bulkier than 

molecules of water.55  With the different pore sizes of the columns for the aqueous and organic 

experiments, the contribution of the solvation of the different solvent molecules can not be 

calculated.  With columns of the same pore size for the aqueous and organic solvents the 

contribution due to the solvation on �S could be calculated. 

 For the entire study, all of the oligosaccharides were O-linked oligomers.  While a 

majority of oligomers are O-linked, there are others that are  N-linked oligomers are found in 

human immunoglobulin G, on the mouse egg’s extracellular coat, as well as in the Japanese pearl 

oyster.86-88  N-linked oligosaccharides, while not studied by the group so far, are found to play 

important roles and just like most of the other oligomers, their roles take place in the body.  

These N-linked oligomers, were not available during the majority of these previous studies but if 

they are ever made available would be a great addition to the studied O-linked oligosaccharides.   
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 It is my belief that the research can also be expanded upon by applying what is known 

about the conformational entropy of oligosaccharides to larger systems (polymers).  An example 

of this possible application is looking at starch.  Starch is made up of amylose and amylopectin, 

with the first being α(1→4)-linked while the latter is α(1→4)-linked linearly with the branch 

points being α(1→6)-linked. Properties such as gelatinization and digestibility of starches are 

thought to be related to the molecular structure of amylose and amylopectin.  This molecular 

structure, and amylose:amylopectin ratio can vary in starches and in doing so change the 

properties of the starch.  I believe the conformational entropy studies previously done can bridge 

a gap in better understanding end-use properties of larger polymer systems like starch, if a 

correlation can be found between the conformational flexibility of certain anomeric 

configurations and glycosidic linkages and end-use properties in the larger systems. Those end-

use properties can range from digestibility, gelatinization, solubility, and immune defense to 

name a few. 
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