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Popular Summary  

Carbohydrates are natural molecules that are made of carbon and water, giving a 
variation of small carbohydrates (also called “units”), like glucose. Carbohydrates are 
well-known for their nutritional value, whereas they are also important for several 
other biological functions. For instance, they serve as structural components, like chitin 
in the outside skeleton of insects, and they play a role in the communication between 
cells. Which function a carbohydrate will serve is dependent on its structure. 
Carbohydrates are mostly found in the form of long chains, meaning that several 
carbohydrate units are connected to each other. Because carbohydrate units vary 
widely in structure, there is a large variety of natural carbohydrate chains created in 
nature. For instance, both starch (found in potato) and cellulose (cotton/wood) are 
built from glucose units, however in a different fashion: starch has an axial-type bond 
(“angled”, Figure 1A) between the sugar units, while cellulose has an equatorial-type 
bond (“straight”, Figure 1B). Which function a carbohydrate will serve is dependent on 
the type of the bond. The type of bond found in starch can be digested by human 
enzymes, while the bond found in cellulose cannot. Moreover, carbohydrates have 5 
different positions where a bond can be connected to. Think of jigsaw puzzle pieces 
where each bump can be attached to the next piece. If we would want to build a long 
chain of puzzle pieces, it can happen that two pieces will be attached to one puzzle piece 
resulting in a branched structure. Similarly, carbohydrates will also branch.   

 

Figure 1. A) Starch structure, which contains an axial-“angled” bond; B) cellulose 
structure, that has an equatorial-“straight” linkages. Both shown as bricks.  

There is a wide variety of carbohydrate units. Glucose is the most well-known 
carbohydrate and it has several siblings, for instance, fructose and galactose. If glucose 
is bonded to fructose they form the disaccharide sucrose (also called table sugar). 
Galactose linked to glucose forms lactose (also called milk sugar). To cleave these 
disaccharides, people have specific enzymes. There is an enzyme to break sucrose, and 
there is a different enzyme to break lactose. Some people do not have enough of the 
enzyme that can break milk sugar, which results in lactose intolerance and a person can 
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no longer drink milk. There are other carbohydrate units, like fucose and sialic acid, that 
have a completely different structure than glucose, and therefore contribute to different 
functions.  

Human milk oligosaccharides (HMOs) are short carbohydrate chains that are found 
in human milk. HMOs greatly contribute to the health-development of a baby. They help 
good bacteria to grow in the gut (serve as prebiotics), and they can protect against 
infections. That happens because of fucosylated HMOs. These molecules prevent 
pathogens from adhering to the gut and therefore a pathogen cannot bind to gut cells, 
warding off infections. Because it is not always possible to give human milk to infants, 
other compounds (specifically, galactooligosaccharides and fructooligosaccharides – 
GOS/FOS) are used in infant formula to mimic the function of HMOs. GOS/FOS mixtures 
also allow good bacteria to grow in the gut but their effect is not as strong as HMOs in 
protecting against infection. Therefore, researchers attempt to find new ways to mimic 
the functions of HMOs. 

In Part 1 of this thesis, we synthesized an HMO-mimic based on β-cyclodextrin, a 
compound commonly used in the pharmacy and food sectors (C, Figure 2). In Chapter 
3 the synthesis of a twice-fucosylated cyclodextrin (D, Figure 2) was described. This 
compound is structurally similar to 3-fucosyllactose (A, Figure 2) because it has the 
same axial-type linkages to fucose (B, Figure 2). Intriguingly it was observed that 
fucosylation occurred on two specific positions out of the seven possible positions, and 
investigations into the origin of the observed selectivity using computational studies 
were described in Chapter 4. In Chapter 5 the fucosylated cyclodextrin was evaluated in 
a biological setting. Excitingly, it was demonstrated that similarly to fucosylated HMOs, 
it is not digested, meaning it can reach the large intestine intact. Moreover, it was shown 
that it prevented pathogenic Escherichia coli bacteria to adhere to epithelial cells. Part 
1 of the thesis demonstrated that molecules, which are structurally related to natural 
HMOs, may have similar properties, demonstrating great potential for the use of 
synthetic carbohydrates as HMOs mimics.  

 

 

Figure 2. A) Natural HMO 3-fucosyllactose, simply can be considered as a molecule 
made of B) 3 blocks. C) β-cyclodextrin built of 7 glucoses. D) HMO-mimic structurally 
similar to the molecule in panel A. The section of the molecule that is similar to A is 
framed.  
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Another class of carbohydrates that have healthy effects are the 
exopolysaccharides (EPS), which are found on the outside of beneficial bacteria, such 
as lactobacilli and bifidobacteria. To investigate the specific EPS structures that are 
responsible for certain health effects, polysaccharides and their fragments need to be 
obtained in high purity. This is not always possible from natural sources due to possible 
contaminations with other cell components. In Part 2 of this thesis, we synthesized a 
fragment of the EPS of Bifidobacterium adolescentis, a bacterial strain that is 
characteristic of the adult microbiota. EPS of bifidobacteria can train our immune 
system to react, making the immune system prepared to fight infections.  

Carbohydrate chains can be split into a repeating unit – a minimal number of units 
that are repeated in a polysaccharide structure. In this case, a 9-piece structure is 
repeated, formed from two different carbohydrate blocks. One of them is the very rare 
6-deoxytalose (blue triangles, Figure 3A), which makes this EPS unique and might play 
a role in communication between cells. The repeating unit has three 6-deoxytalose 
blocks connected via equatorial-type linkages, and three 6-deoxytalose blocks 
connected via axial-type linkages, and these latter units are also connected to a glucose 
block. Because 6-deoxytalose is found in nature as often as a 4-leaves clover, reports on 
the synthesis of fragments containing this unit are rare. Therefore, all the strategies for 
the preparation of the repeating unit needed to be developed. To make a long 
carbohydrate chain an appropriately protected building block is necessary (brick = 
building blocks). To do so, a carbohydrate unit is “dressed” into protecting groups, 
giving a building block with a free position available for coupling. Next, a coupling 
reaction is performed to link building blocks to each other. How to construct axial 
(“angled”)-type linkage is described in Chapter 6. The equatorial (“straight”)-type 
linkage is generally considered to be more difficult to make and for every carbohydrate 
unit, a specific methodology is developed. Chapter 7 describes the development of a 
suitable method for the synthesis of the equatorial-type bonds. After the methods for 
constructing all necessary types of bonds were developed, all the building blocks were 
gathered and the final assembly was performed in Chapter 8.  

 

 

Figure 3. A) Repeating unit of the EPS of B. adolescentis B) built from building blocks as 
brick representation.  
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