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CHAPTER 6
CARBOHYDRATES

What are carbohydrates? Carbohydrates include a wide range of substances that can be 
anything from a simple sugar, such as glucose, to a complex polysaccharide, 

such as fiber. They are found everywhere in nature and compose much of the struc-
ture in the physical world of what we see on a daily basis. They make up the bulk 
of grasses, trees, and flowers, and fruits, vegetables, grains of all types, and sugars 
primarily consist of carbohydrates. They provide the bulk of the energy in a typical 
human diet.

Carbohydrate molecular structure can be straight-chained or have branches, and 
they can be small or very large molecules.

We’ll explore some basics of carbohydrate chemistry and use some interesting 
experiments to demonstrate these concepts.

Carbohydrates48
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CARBOHYDRATE STRUCTURE

The most basic definition of a carbohydrate is “a molecule 
that consists of carbon, hydrogen, and oxygen atoms, usually 
with the hydrogen and oxygen ratio in a 2:1 relationship: 2 
molecules of hydrogen to 1 molecule of oxygen.”

Depending on how they are joined, carbohydrate structures 
have many names.

Sugars

Sugar (Sucrose) crystals49

Let’s take a look at the differences between carbohydrate 
sugars.

Fructose, also known as levulose, is an example of a ketone. 
All ketones have 1 carbon molecule double-bonded to an 
oxygen molecule, with this structure located in the molecule’s 
middle.

Glucose, also known as dextrose, is an example of an 
aldehyde. All aldehydes have 1 carbon molecule double-bonded 
to an oxygen molecule, with this structure located at the end of 
the molecule. (Don’t worry too much about this terminology; 
we won’t be getting into the chemistry very deep).

As with everything else in nature, sugar molecules are three 
dimensional and exist in many different orientations at the 
same time, including straight chains and ring structures. Never-
theless, to study and talk about them, we need to write them 
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down in formats accepted by others in science, which can be 
challenging. Fischerxiii i and Haworthxiv ii Projections, or represen-
tations, are two widely accepted formats. The Fischer Projec-
tion is simpler and shows molecules in a straight line. The 
Haworth Projection shows the ring structure.

In nature, all configurations remain in balance relative to 
one another. The prevalence of each configuration depends 
on many things, including substance purity (Is it mixed with 
another thing?) and the environmental energy state (hot, cold, 
warm, etc.). Various configurations may chemically react differ-
ently with other molecules.

xiii This representation format was devised by the German chemist Hermann Emil Louis Fischer 
around 1890. The straight-lined, two dimensional format—as well as a 3D format not shown in this 
workbook—were so helpful that scientists commonly use them around the world today. Fischer was 
eventually awarded the 1902 Nobel Prize in chemistry for his combined work.
xiv This presentation format was named after a British chemist, Norman Haworth. Like the Fischer 
projections, these are widely used throughout the world today. Haworth also was awarded a Nobel 
Prize for his combined work, in 1937.

Glucose, Fischer Projection50 Fructose, Fischer Projection51

Glucose, Haworth Projection52
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Starch
Glucose and fructose are two basic sugars that are very 

small. Another common carbohydrate is starch.
Textbox: Starch: You’ll see this word many times through 

the workbook series. Starch is a generic term for the primary 
energy component of cereal grains and potatoes, among others.

The many types of cornstarch differ by plant species. 
Cornstarch can even be quite different depending on the type of 
corn. Context is also important, since cornstarch can be cooked 
or raw and has very different properties in these two states.

Starch molecules can be very large. For example, the average 
molecular weight for both glucose and fructose are approxi-
mately 180 grams per mole. The molecular weight for amylo-
pectin, one of the two primary components of starch, can be 
anywhere from 360,000 to 36 million grams per mole.

In the next section, we’ll examine some of sugar’s character-
istics. In a subsequent section, we’ll evaluate some of starch’s 
basic properties.

BASIC SUGAR PROPERTIES

Two of the more common sugars used in foods are sucrose, 
or table sugar, and fructose. Sucrose is a disaccharide, made up 
of 1 molecule each of glucose and fructose. Sucrose behaves 
quite differently than fructose or glucose, even though it consists 
of these 2 molecules joined together.

Non-Enzymatic Browning
Browning in food is of two primary classes: enzymatic and 

non-enzymatic. In this section we’ll discuss non-enzymatic 
browning, also known as Maillard Browning, which requires the 
presence of certain types of sugars and protein, as well as heat. Both 
glucose and fructose can participate in these reactions. Non-enzy-
matic browning reactions are responsible for many flavors that 
we love in baked goods. This group of reactions is named after 
Louis-Camille Maillard, a French chemist who was the first to 
discover and describe the reactions. In addition to bread crusts, 
roasted meats and browned French fries are examples.

Monosaccharide: A simple 
sugar that includes glucose, 
fructose, galactose, etc. All 
monosaccharides are simple 
sugars of varying degrees of 
sweetness as perceived by the 
human tongue.

Disaccharide: 2 simple sugars 
bonded together. The best-
known example is sucrose, 
which is common table sugar, 
and is made up of 1 glucose 
and 1 fructose molecule.

Polysaccharide: 3 or more 
simple sugars bonded together. 
A good example is cornstarch, 
which is essentially many 
glucose molecules bonded 
together into very long chains.
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French bread53

The brown crust of bread and the flavors associated with 
it are good examples of non-enzymatic browning. The same 
occurs when making toast, although other reactions also occur.

Sucrose, which we know is what people are asking for when 
they want “sugar,” is the most common sugar in our pantries. 
Its structure consists of a 1:1 combination of glucose and 
fructose, chemically joined in such a fashion that the molecule 
does not have the reducing structure that, for example, glucose 
has. Sucrose is as a non-reducing sugar, and is mentioned 
here because a reducing sugar is required for non-enzymatic 
browning reactions.

An understanding of these types of reactions is essential 
for a food scientist. Sometimes these reactions are desired for 
a given food—and in fact necessary—to achieve the desired 
results. In other foods, their occurrence destroys the food. For 
example, dried powdered milk will turn brown over time in 
non-enzymatic reactions and will develop flavors that most 
people find offensive. In all cases, Maillard Browning needs to 
be controlled in order to achieve the desired finished product.

Maillard Browning: 
https://www.youtube.com/
watch?v=c7WI41huAok 
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Sweetness
Sugars are very different in perceived sweetness. Commonly 

available sugars are fructose—the primary sugar in honey and 
corn syrup—and sucrose. Fructose tastes much sweeter to most 
people than sucrose. Understanding the sweetness level percep-
tion of different sugars is important for a food scientist. For 
example, if you want a food product with a particular sweet-
ness level but don’t want the side panel to show a lot of sugar, 
using fructose will result in more perceived sweetness than 
using sucrose. However, there can be other functional conse-
quences, such as effects on browning and texture. A balance is 
usually required in order to achieve the desired result!

Crystallization and Hygroscopicity
Another important aspect of sugars is their varying ability 

to crystallize, and to absorb or release moisture. For example, 
sucrose will crystallize easily compared to fructose, whereas 
fructose is more hygroscopic than sucrose.

STARCH CHARACTERISTICS

Amylose and Amylopectin
Starch has two primary components: amylose and amylo-

pectin. Both consist entirely of glucose molecules strung 
together. However, amylose is straight-chained and amylo-
pectin has branches.

When dealing with starches, the structural difference 
between amylose and amylopectin is important. Corn and oats 
naturally contain amylose and amylopectin, but the amount 
of each is not the same. A measure that can be used to predict 
functionality is a ratio of amylose to amylopectin. Multiple 
species of corn available in the marketplace have a wide range 
of amylose:amylopectin ratios (read “amylose to amylopectin 
ratios”). Grains and starches are chosen for food applications 
based on this ratio so that the desired texture is achieved in the 
finished food.

Hygroscopicity: A measure of 
the attraction a substance has 
for water.

Amylose – Non-branched  
chains of glucose54

Non-Enzymatic (Maillard) 
Browning: https://www.youtube.com/
watch?v=c7WI41huAok
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Amylopectin – Branched chains of glucose55

As an example, corn has been selectively hybridized to 
achieve many beneficial starch characteristics. Some varieties of 
corn contain a very high content of amylose, and some contain 
a high amount of amylopectin, which gives the basic vegetable 
corn diverse functional properties.

Gelatinization
Grains contain primarily starch. The amount and charac-

teristics of the starch depend on the variety of grain and the 
growing conditions for a given crop, among other variables. 
Starches are laid down in granules as the plant grows, which 
are of different sizes depending on the variables just mentioned. 
The thickness of the layers is dependent on growing conditions. 
These include species and weather—temperature, exposure to 
sunlight, the amount of water, wind, etc. Also, the quality of 
the soil affects plant health. These considerations are all very 
important. It can be very frustrating when recipes don’t turn 
out the same because of raw material variations!

The figures below provide a rough representation of cooking 
starch in water, a process which results in starch gelatinization. 
While the word gelatinization sounds like gelatin, they are not 
related at all, as you will see!

1. The starch granules are in an excess of water, loosely 
dispersed, prior to cooking.
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2. When starch is cooked in an excess of water, the gran-
ules begin to swell by absorbing water. As the granules 
continue to swell as water is taken up, they begin to 
bump into each other due to friction, as demonstrated 
by the thickening of the mixture.

3. Cooking will continue in sufficient water, so the gran-
ules will almost completely swell and become very large, 
achieving maximum viscosity as the molecules continue 
to bump into and rub against each other.

Viscosity is a measure of 
thickness. Pudding is more 
viscous than water.

Raw starch granules56

Partially gelatinized starch57 58

Fully gelatinized starch59



Sample

88     INTRODUCTION TO FOOD SCIENCE: AN OVERVIEW

4. If the fully gelatinized, swollen starch granules are sub-
jected to too much physical action at this stage, such as 
stirring, they may actually burst. This releases the hy-
drated starch chains into the general swollen starch dis-
persion—like the popping of a water balloon. When this 
happens, the viscosity is reduced. This is the reason why 
pudding instructions indicate to stir gently. Depending 
on the type of starch, there can also be a marked differ-
ence in consistency when this type of disruption occurs. 
Nobody wants pudding soup!

 Starch granules swelling as 
they hydrate and gelatinize: 
https://www.youtube.com/
watch?v=L6vYxYE1jOg

Broken starch granules60
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EXPERIMENTS: LET’S MAKE A MESS!
Carbohydrates Experiment #1: Sucrose vs. Fructose

Background

In this exercise, we’ll observe the differences in solubility 
and sweetness between fructose, sucrose, and corn syrup mixed 
into similar water contents.

Items Needed

• 1 tablespoon sucrose (normal table sugar)
• 1 tablespoon of dry fructose crystals (available in 

your grocery store, natural food store, or online)
• 1 tablespoon corn syrup (try to find some with-

out other flavorings, such as salt and vanilla)
• Water, room temperature
• Teaspoon measurer
• Three small containers, such as shallow cups
• 3 teaspoons
• Masking or painter’s tape
• Marker or pen

Procedures
1. Label the three containers using the tape and pen as fol-

lows: “Sucrose,” “Fructose,” and “Corn Syrup.”
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2. In the container labeled “Sucrose,” dissolve 1 table-
spoon of sucrose in 1 tablespoon of water by stirring 
with a spoon. Get as much crystalline sugar off the con-
tainer’s side and into the solution as possible. Leave the 
spoon in the container.

3. In the container labeled “Fructose,” dissolve 1 table-
spoon of fructose in 1 tablespoon of water by stirring 
with a spoon. As for fructose, get as much crystalline 
sugar off the container’s side and into solution as possi-
ble. Leave the spoon in the container.

4. In the container labeled “Corn Syrup,” add 1 tablespoon 
corn syrup, rinsing off the tablespoon with 1 teaspoon 
water into the container. Stir the corn syrup and water 
with the tablespoon measurer until the mixture is ho-
mogenous. Leave the spoon in the container.
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5. Record your observations regarding how easily the crys-
tals dissolved, or how the corn syrup’s viscosity changed 
with the addition of water.

6. Taste each of the three mixtures in the following manner:
a. Rinse your mouth with room temperature water, ei-
ther swallowing or spitting it out.
b. Using the stirring spoon, take a small amount (no 
more than 1/2 teaspoon) of the sucrose mixture and 
dump it onto another spoon. Taste from this spoon so 
you don’t contaminate the rest. Hold the mixture in 
your mouth, tasting it with your tongue, then spit it out 
into a cup or the sink
c. Record your observations regarding any flavor you 
detect.
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7. Repeat Step 6 for each solution, making sure to rinse 
your mouth between each tasting.

8. Now rate the sweetness level of each. Give a rating of 
one to the solution you thought tasted most sweet and a 
rating of three to the solution that was least sweet.

9. Summarize your results in the table. 

Sweetener Source Solubility Flavor Sweetness Rating

Sucrose

Fructose

Corn Syrup

10. Ask one or two other people to also rate the sweetness 
levels—without talking to one another or looking at 
each other’s ratings. It’s easy to be biased by someone 
else’s opinion if you talk about what you’re experienc-

Spit Cup: While it sounds 
gross, and might even BE 
gross, rinsing your mouth 
helps prevent your body 
from becoming fatigued and 
changing your perception. 
Your taste buds sense 
differently once food enters 
your stomach. Rinsing 
also helps to minimize any 
carryover sweetness or flavor 
from the previous tasting.
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ing, which is why in sensory analysis, we make our rat-
ings individually, without talking to other people.

11.  Share your observations with one another. Did you all 
rate them the same?

Carbohydrates Experiment #1 Discussion: Sucrose vs. 
Fructose Experiment

Sucrose and fructose are very different molecules. Fructose 
is more soluble in water than sucrose, which you likely noticed 
as soon as water was added to the crystals. Even the crystals 
themselves act differently. Fructose will absorb moisture from 
the air readily in a humid environment. The increased solubility 
of a sweetener usually results in an increased perception of 
sweetness, as is the case for fructose. When you tasted the 
solutions of both fructose and sucrose, you likely noticed this 
phenomenon, but not all people have the same ability to taste. 
Don’t be concerned if they tasted similar to you!

Corn syrup is a blend of fructose, glucose, and water. As we 
just discussed, fructose is more soluble than sucrose, resulting 
in a stronger taste of sweetness. Glucose is less soluble than 
sucrose. It’s generally perceived to be less sweet than either 
fructose or sucrose. Depending on the ratio of fructose to 
glucose in your sample of corn syrup, you may have rated corn 
syrup either a two or three.

You also likely noted some differences in how people rate 
the sweetness levels. Our abilities to taste are not the same, 
which should not concern you now, but as you may imagine, 
this makes a food scientist’s job more challenging. Disparity in 
perception among people is a real issue and must be taken into 
account.

Consumer sensory testing is an important part of devel-
oping food products. This exercise was a very simple example 
of sensory testing. One possible career choice in food science is 
focusing on making sure that consumer testing is set up appro-
priately to produce valid results for product developers so that 
they can appropriately formulate their products.

Soluble: The ability or 
readiness of a solid to dissolve 
in a liquid. For example, 
another way of saying that salt 
dissolves in water is to say that 
salt is soluble in water.
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Carbohydrates Experiment #2: Cornstarch vs. Potato Starch

Background
Starches are quite different depending on their source.

Items Needed

• 4 tablespoons cornstarch
• 1 medium-sized white potato, peeled and cut 

into approximate 1/2-inch cubes (different 
potato varieties will produce somewhat different 
results, but any will do for this experiment)

• Water
• Small saucepan
• 4 plates (any type will work except paper)
• 2 freezer-safe containers with lids
• Marker or pen
• Masking tape for labeling containers

Note:
You’ll need to complete steps 1 through 3 prior to recording 

observations, unless you’re working with someone else who 
can take notes.

Procedures
• Cornstarch

1. Label the plates “Cornstarch, Gelatinized,” “Corn-
starch, Gelatinized, Broken Granules,” “Potato, Gela-
tinized,” and “Potato, Gelatinized, Broken Granules.”
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2. Label the containers with lids: one “Cornstarch,  
Gelatinized, Frozen” and the other “Potato, Gelatinized,  
Frozen.”

3. Add 1 1/2 cups of cold water to the saucepan and stir in 4 
tablespoons cornstarch with a spoon. Let the cornstarch 
settle, then stir it again. Record your observations.

4. Bring to a boil slowly on medium heat, stirring slowly 
but constantly. The starch will begin to thicken. Con-
tinue to gently stir until a full rolling boil is achieved. 
You should continue to stir constantly but gently, once a 
full boil is reached, for 2 minutes. Note the consistency. 
Turn off the burner and remove the pot from the heat. 
What food product does this look like? Record your ob-
servations.

Note: Be careful during this 
step because the starch will 
tend to pop as it comes to a 
boil, sometimes ejecting hot 
globs of starch that can burn 
your skin!
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5. Carefully spread a 1/8inch thick or thinner layer of prod-
uct onto the plated labeled “Cornstarch, Gelatinized.”

6.  Add additional product to the plastic container with a 
lid labeled “Cornstarch, Gelatinized, Frozen.” Place the 
container with the lid attached into the freezer.

7. Use a hand mixer to beat the remaining product. Were there 
any changes noted? Can you explain what’s happening?

8. Spread this product into a 1/8inch thick layer onto the 
plate labeled “Cornstarch, Broken Granules.”
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• Potatoes

1. Place the 1/2-inch potato cubes into an excess of water 
so that at least 1 inch of water is below the floating po-
tatoes. Bring to a boil, reducing the heat and simmering 
until the potatoes are very soft and start to come apart 
in the water.

2. Pour off and discard the starchy water. Mash the potatoes 
carefully and minimally, just enough to destroy the cube 
shapes. What’s the consistency? Divide into two equal por-
tions, then spread about 1/2 of one portion into a 1/8inch 
thick layer onto the plate labeled “Potato, Gelatinized.”

3. Add the rest of the first portion to the second freezer 
container, labeled “Potato, Gelatinized, Frozen.” Place 
the container with the lid in the freezer.

4. Beat the remaining potatoes with a mixer on medium to 
high speed for 2 minutes. Can you explain what’s happen-
ing? What’s the consistency? Record your observations.
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5. Take this product and spread it into a 1/8inch thick lay-
er onto the plate labeled “Potato, Broken Granules.”

6. For both the corn starch and potato starch plates, let 
sit and air dry, observing them over several days. What 
happens to the consistency? Can you explain what’s 
happening? Record your observations.
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7. For both the cornstarch and potato containers with lids 
in the freezer, remove them after at least 5 days in the 
freezer and let them thaw at room temperature.

8. Evaluate the texture of both. Press on the thawed starch 
with a large spoon. What happens? Record your obser-
vations.
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Carbohydrates Experiment #2 Discussion: 
Cornstarch vs. Potato Starch

Cornstarch has a higher amylose:amylopectin ratio than 
does potato starch, so fully hydrated potato and cornstarch 
have quite different textures. When fully hydrated and abused—
mechanically agitated until the granules begin to burst—the 
differences become even more dramatic.

In your kitchen: Perhaps you’ve transported a granola bar 
in your backpack, only to discover that it didn’t survive the 
trip well. Your transport system wasn’t sufficiently robust to 
prevent abuse of your granola bar. At least now it might make 
a good topping for yogurt!

Prior to starch granule breakage, the viscosity increase 
is largely from friction between the swollen granules. After 
breakage, there can actually be a reduction in viscosity as the 
granules are destroyed and individual hydrated starch molecules 
become freer to move around and stretch out. The dispersion’s 
consistency changes its character. In the case of potato starch, 
the higher amylopectin content results in a stringy, unpleasant, 
and almost mucous-like texture when the gelatinized starch is 
abused, as we did with the mixer. You definitely shouldn’t do 
this to mashed potatoes at your holiday meal!

After drying, you’ll notice that the corn and potato starch 
end up with very different textures. For the fully hydrated but 
not broken starch, thin, clear, and shiny films may develop that 
are brittle in texture. These films may look and feel like plastic 
wrap, but eventually become very brittle and will crack. You 
may have seen this after cooking a starchy grain, such as rice. 
A sticky film will remain in the pot, but if left to dry, it becomes 
like a brittle piece of plastic and easily flakes off.

It’s interesting to note that as plastic is made of polymers, 
so is starch. It’s a similar phenomenon that is occurring. Edible 
starch films such as these are even used in food products 
for various purposes. For potato starch, films may not even 
develop, but the starch will seem to pull together as it dries, 
which is additional evidence of the radically different starch 
characteristics between corn and potato starch.

When you freeze and thaw hydrated starch, the action of 
freezing causes some swollen starch granules to burst due to 

Ingredient abuse: Over-
stirring gelatinized starch can 
cause unwanted changes in 
texture. Ingredients can be 
abused in many ways, and 
this is an important concept 
in food processing. Another 
example is transportation of 
ingredients from one point 
to another. Many types of 
transportation can cause 
breakage. Depending on the 
product, this damage may not 
make a difference, or it may 
make it impossible to create a 
quality product.



Sample

CARBOHYDRATES     101    

the formation of ice crystals. You’ll notice that in both the 
corn and potato starches, a small amount of water separates 
from the hydrated starch. Also, the hydrated starch itself 
will become tough, especially with the higher-amylose-con-
tent cornstarch. Hydrated starch toughening and contrac-
tion is due to a phenomenon called retrogradation, where 
the amylose molecules reorient themselves and come together 
again, but associated in different ways. For both of these 
reasons, the starch matrix will lose its ability to hold water. 
When you press on it with a spoon, water will flow out, 
almost like a sponge.

Notice that when the potato starch is pressed with the spoon, 
not as much water came out. In addition, the thawed mashed 
potato mixture will likely have a similar texture to when it was 
fresh. These observations are due to the differences between 
potato and cornstarch.

Retrogradation is also one of the same phenomena that 
helps describe the process of bread becoming stale. More will 
be discussed on this in the Carbohydrates workbook. If you’re 
particularly interested, after thawing, you can put the starch 
pastes back in the freezer, remove them, make your observations, 
and repeat. Do this three to four times, with several days in the 
freezer each time, and you’ll note that the effects described above 
become even more dramatic. This freeze/thaw cycle, as noted 
before, is a significant problem for the development of frozen 
food formulas. Starches can be modified to prevent these defects 
associated with drying or freezing.

This experiment was very simplified. While you can eat these 
starch pastes or gels—if you were careful to prepare them in a 
sanitary fashion—they won’t be very appetizing. In the example 
of cornstarch, it is essentially what you buy as pudding in a box 
from the grocery store. However, to make it a dessert, you’d also 
need a sweetener and flavor of some kind. Sweeteners, flavor-
ings, or anything else affect the ability of starch granules to 
hydrate, and affect how they’ll behave after hydration and over 
time. Food systems are incredibly complex and require a signifi-
cant amount of work to create something with a pleasing texture 
and flavor that will last long enough for a consumer to purchase 
it and ultimately consume it.
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WHAT DO YOU THINK?
Look at the side panel of packaged foods in your kitchen. Do 

you see any that contain modified starch? This will usually be 
cornstarch. What role do you think the modified cornstarch plays 
in the food? Call the toll-free number listed on the package and 
ask the manufacturer what type of modified starch is in the food, 
and what role it plays. You may or may not get an answer right 
away. However, you’ll eventually get some type of an answer if 
you indicate that you really would like to know! For example, if 
the person doesn’t know, ask them to contact you when they find 
someone who does know. Sometimes companies won’t share ex-
actly what’s in their formula because it’s the secret to their suc-
cess, and they may think you’re a competitor trying to copy them!

JOURNALING IDEA

Now that you know a little about carbohydrates, write about 
your favorite one carbohydrate molecule. Why is it your favorite? 
Describe what you can about its structure and what you know 
about that structure that may determine the characteristics you 
enjoy. Write about something you can make in the kitchen that 
may have a similar structure, and therefore that you may also like.

CHAPTER REVIEW

Write short essay responses:

1. Why does a dry cornstarch film look and feel so much 
like plastic wrap?

2. Describe a starch granule’s thoughts as if it were alive 
while being boiled, gelatinized, and fully hydrated, and 
ultimately becoming part of butterscotch pudding. This 
was the starch granule’s life goal.

3. Write a short story about your favorite mostly carbohy-
drate food, including why it’s your favorite. How much 
fat or protein does it contain that help it to be your fa-
vorite carbohydrate?

4. Describe one area of your life that doesn’t involve chem-
istry in some way.


