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2.1 Cell Theory

CORE

2.1

1840-The Czech Jan Evangelista Purkinje names the cell
content ‘protoplasm’.

2.1.1

Outline the cell theory.

2.1.2

Discuss the evidence for the cell theory.

1855-Rudolf Virchow from Germany suggests that ‘all cells
come from cells’.
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or a very long time, people did not know cells existed.
The discovery of cells was linked to the developments
in technology, in particular the ability to produce high
quality lenses for microscopes. A series of steps led to
the discovery of cells, most of them being related to
the advances in technology. You can see that it involves
a sequence of discoveries, often made by scientists in
different countries.
1590-The Dutch optician Zacharias Jansen invents the
compound microscope. A compound microscope
has 2 lenses which provides greater magnification.
1665-The Englishman Robert Hooke studies cork with a
compound microscope and names the structures
‘cells’.
1675-Antonie van Leeuwenhoek another Dutchman
discovers unicellular organisms.
1838-Mathias Schleiden from Germany suggests that all
plants were made of cells.
1839-Theodor Schwann, also from Germany, suggests that
all animals were also made of cells.

TOK What is a scientific theory?
The natural sciences use the scientific method to explain
the physical world. The scientific method begins with
observations. These observations are used to develop
a possible explanation, or hypothesis. The hypothesis is
tested through further observations or experiments. Each
observation or experimental result is compared to the
hypothesis to determine if the hypothesis is valid. If the
hypothesis is supported repeatedly it can be confirmed.
Scientific theories or laws are the result of the thorough
testing of hypotheses in a wide range of circumstances.
The term theory in a scientific sense means that the
hypothesis is supported by a large body of evidence
and is the best explanation that scientists agree upon.
The cell theory flowed from several related hypotheses
that were tested over many years. It was confirmed as a
theory after many observations and experiments made
by a large number of scientists.
If new evidence comes to light that contradicts or does
not fit the explanations made by a theory, the theory will
need to be re-examined to determine if it is still valid. The
theory may be modified or rejected altogether if it cannot
account for the new observations.
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The cell theory was developed and includes the following
elements:
• All living organisms are composed of cells, and the
products of cells (e.g. hair and scales).
• Cells are the smallest units of life.
• Cells only come from pre-existing cells.
The cell theory is widely accepted and advances in
technology have allowed us to greatly increase our
knowledge of cells. In particular the development of the
electron microscope (EM) has allowed us to study the
ultra structure of cells (see Topic 2.3) in more detail than
Robert Hooke could ever have imagined.
2.1.3

Because these objects are very small, we use special units
to measure them. The micrometre (μm) is one millionth of
a metre (10-6 m) and the nanometre (nm) is one thousand
millionth of a metre (10-9 m) or one thousandth of a
micrometre.
The largest known bacterium (Epulopiscium) was found
in fish in the tropical waters surrounding Lizard Island,
Australia. It is over 1 mm in length.

State that unicellular organisms carry
out all the functions of life.
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Unicellular organisms are fully functioning individual
organisms so they need to be able to carry out all functions
of life. The functions of life include:
• metabolism which includes respiration and excretion
• response to stimuli: this is also known as sensitivity
• growth includes both in cell size and number
• reproduction, whether sexual or asexual
• homeostasis which means maintaining relatively stable
conditions inside the body
• nutrition which means the source of food
2.1.4

Compare the relative sizes of molecules,
cell membrane thickness, viruses,
bacteria, organelles and cells, using
appropriate SI units.

Figure 201 An adenovirus

Some eukaryotic cells are larger than is indicated in the
table above. Animal cells are often smaller than plant cells.
The yolk of an egg is one cell. Each sap-filled vesicle of an
orange is one cell.
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Some organelles can be seen with the light microscope,
others cannot. To study the internal structure of a cell, we
need an electron microscope in all cases. Although even
large cells are too small to see with the unaided eye, it is
important to have an understanding of the relative sizes of
cells and organelles. The following are ‘typical sizes’ only.
Eukaryotic cell
Prokaryotic cell
Nucleus 		
Chloroplast
Mitochondrion
Bacteria 		
Large virus (HIV)
Ribosome 		
Cell membrane
DNA double helix
Hydrogen atom
10

10 - 100 μm
1 - 5 μm
10 - 20 μm
2 - 10 μm
0.5 - 5 μm
1 - 4 μm		
100 nm 		
25 nm		
7.5 nm thick
2 nm diameter
0.1 nm		

= 10 - 100 × 10-6 m
= 1 - 5 × 10-6 m
= 10 - 20 × 10-6 m
= 2 - 10 × 10-6 m
= 0.5 - 5 × 10-6 m
= 1 × 10-6 m
= 100 × 10-9 m
= 25 × 10-9 m
= 7.5 × 10-9 m
= 2 × 10-9 m
= 0.1 × 10-9 m

Figure 202

A bacterium (E. coli)

Cells

Knowledge claims made from the senses are filtered
through the limitations of sense receptors and subsequent
manipulation in the brain. Observations assisted by
technology usually flow through other filters. Almost all
cells, and everything sub-cellular, must be viewed through
a microscope of some sort or another. A monocular light
microscope produces a two dimensional image of a
specimen whereas a binocular microscope may reveal
more of the three dimension nature of a specimen. In
most cases light microscope specimens are so small and
thin that the detail of their contents are very difficult to
see so they are treated with stains to allow observation
of key cellular features.

The two sizes of the scale bar are related via the formula:
magnified size = real size × magnification
so

magnified size (ruler)
magnification = real size (scale bar)

Specimens prepared for viewing with an electron
microscope must be specially treated so that the
microscope examines an artefact of the original
specimen. Electron micrographs are routinely colourised.
Colourisation often hides the scope of the difference
between images from an electron micrographs compared
with images produced by a light microscope.
Some would argue that colourisation is done to
reduce awareness of the numerous filters that electron
microscopes bring to bear on our perception of the
microscopic world.

Figure 204
2.1.5

Calculate linear magnification of drawings
and the actual size of specimens in
images of known magnification.
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Diagrams and photographs can be shown larger or
smaller than reality. To indicate the real size of the object,
the magnification can be indicated next to the diagram or
picture or a scale bar can be given.

Plant cells

Once you know the magnification, you can calculate
the actual size of a cell organelle. You can use the same
formula to calculate the real size from the measured,
magnified size and the magnification.
real size = magnified size (with your ruler)
magnification

magnified size = real size × magnification
magnified size (ruler)

so magnification = real size (scale bar)

Worked example
Figure 205 shows an electron micrograph of a liver cell.
The real size of the scale bar is given as 10 μm but you can
measure the scale bar and find that it is 20 mm (approx.).
so using real size = magnified size (with your ruler)
magnification
Figure 203 – A magnified image

Magnification = 20000/10 = 2000×
11
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TOK What is the use of microscopes?

Calculating magnification using the scale bar
The scale bar has a size indicated with it. This is the size it
would really be but it would then be too small to see. So
the image has been magnified to the picture you see. You
can use a ruler to measure the (magnified) scale bar in the
picture.
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1 cm cube
2
Surface area = 6cm
Volume = 1cm3

10 cm cube
2
Surface area = 600cm
3
Volume = 1000cm

Figure 206

Figure 205

As you can see the volume increases more rapidly than
the surface area which eventually creates a problem for
the cell.

A liver cell

If you now want to find the size of the nucleus in Figure 205,
you need to use the magnification you just calculated.
so real size = 14 mm / 2000
		
= 14000 μm / 2000
		
= 7 μm
2.1.6

Different size cubes

Explain the importance of the surface
area to volume ratio as a factor limiting
cell size.

Ways of dealing with this are to increase the surface area
by protruding extensions (see Figure 207) or by flattening
the cell. Multicellular organisms face the same problem.
This is why, for example, we have lungs (structures in lungs
increase the surface area available for gaseous exchange)
and a circulatory system (blood carries materials round
the body, reducing the diffusion distance). The nucleus is
generally very much smaller than the whole cell, which
helps it exchange substances with the rest of the cell.
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The size of a cell is limited by its need to exchange
materials with its environment. If a cell becomes too large,
its diffusion distance becomes too long to be efficient and
its surface to volume ratio becomes too small to allow the
necessary exchange.
The rate with which a cell produces heat/waste and
consumse resouces (food and oxygen) is directly proportial
to its volume. However, since the uptake of resources and
the removal of heat/waste goes via the cell membrane, the
rate of uptake/removal is proportional to its surface area.
A cube with sides of 1 cm has a surface area of 6 × 1 cm
× 1 cm = 6 cm2 and a volume of 1 cm × 1 cm × 1 cm = 1
cm3 which means a surface area: volume ratio of 6:1. This
means that every 1 cm3 of volume has 6 cm2 of surface
area.
A cube with sides of 10 cm has a surface area of 6 × 10 cm
× 10 cm = 600 cm2 and a volume of 10 cm × 10 cm × 10
cm = 1000 cm3 which gives a surface area: volume ratio of
600:1000 = 0.6/1.
This means that every 1 cm3 of volume has 0.6 cm2 of
surface area. This is one tenth of the surface area per cm3
volume if you compare it with the smaller cube.
12

Figure 207

2.1.7

Epithelium in the gut

State that multicellular organisms show
emergent properties.
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Emergent properties are those where the whole is more
than the sum of their parts. A good example of emergence
is a termite hill or the human brain. In the case of the brain,
the individual neurons are not capable of thought but the
communication and cooperation between the neurons
makes it possible for the brain to think.

Cells
2.1.8

Explain that cells in multicellular
organisms differentiate to carry out
specialized functions by expressing
some of their genes but not others.

Figure 208
An anthill

Figure 209
The human brain

Multicellular organisms show emergent properties. This
means that the organism can achieve more than the sum
of what each cell could achieve individually. This is caused
by the fact that cells interact, allowing them to perform
tasks together that they not achieve, even in part, if they
were alone. Figures 208 and 209 show good examples of
objects with emergent properties.

While every cell contains all the genetic information
to carry out every function, only a small portion of the
genetic material is activated. A cell in your toes has the
information on how to make the pigment which colours
your eyes, but will not use it. So cells differentiate by
expression of some of their genes and not others. The genes
which are not expressed by the cell, remain present in the
nucleus but are packed away so tightly that they cannot be
accessed. Euchromatin is light grey when viewed with an
EM and heterochromatin is dark grey. Euchromatin often
represents the genes that are used (transcribed), see Topic
3.4, while heterochromatin tends to contain the inactive
genes.

LIVER NUCLEUS

TOK What are emergent properties?
heterochromatin

From a natural science perspective, the levels of life
may be considered to be emergent properties, that is,
each level emerges from a level below. For example,
at the simplest level, the pumping action of the heart
emerges from the interaction of the physical action of the
various tissues that form it with the chemicals and nerve
impulses entering the tissues. Looking at life in terms
of its emergent properties is helpful in developing an
understanding of the complexity of life and the interaction
of its various components. One of the limitations of taking
this approach to life is that to look at biological processes
individually means that we miss the immense level of
interaction integral to all living systems.
By looking at a process, tissue or organ in isolation we
will understand how it functions, but lose a sense of the
organism it is part of. In fact, this can lead to a loss of
understanding what life is. A heart can continue to pump
outside of the body for some time given appropriate
conditions. Is it still alive? Looking at life as an emergent
property may be seen to imply that life is just a series of
chemical and physical interactions without any sense of
purpose. Whether this is the case or not is not for natural
science to decide.

euchromatin

Figure 210

Chromatin

Cells affect each other. The differentiation of any one cell
is determined by the cell’s position relative to others and
by chemical gradients.
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State that stem cells retain the capacity
to divide and have the ability to
differentiate along different pathways.

CORE

© IBO 2007

Stem cells are unspecialised cells. An embryo is a source
of stem cells because the cells can become any type of cell
and are ‘totipotent’. After many division, the zygote has
become a ball of cells or blastocyst. These cells can become
almost any type of tissue and are considered ‘pluripotent’.
Another source of stem cells is the umbilical cord of a new
born baby. Cells from the blood of the umbilical cord
are considered ‘multipotent’ because they can become a
limited number of other particular types of cells. Adults
still have some stem cells in their bone marrow which can
be used to treat diseases such as leukemia.
Stem cells are different from ‘normal’ cells in two ways:
1. Stem cells are undifferentiated. This means that they
have not yet specialised into a certain type of cell.
As a result, all (or most) of their genes can still be
expressed.
2. Stem cells are self-sustaining. They can divide and
replicate for long periods of time.
The most interesting characteristic of stem cells is their
ability to differentiate into specialised cells when given a
certain chemical signal. Theoretically, you could make a
stem cell replicate and then differentiate into liver cells
and grow a new liver this way.
In reality, research has only been going on since about 1998
when a group led by Dr. James Thomson at the University of
Wisconsin developed a technique to isolate and grow the
cells. In some countries, stem cell research is restricted by
legal measures. In Denmark, Spain, Sweden and the UK,
stem cell research is allowed using cells from embryos less
than 14 days old but only Denmark and the UK allow the

Figure 211
14

Mouse stem cells

creation of embryos for research purposes. In the USA in
2006, President George W. Bush vetoed a bill which would
have allowed Federal money to be used for research where
stem cells are derived from destroyed embryos.
2.1.10 Outline one therapeutic use of stem
cells.
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The therapeutic use of stem cells is sometimes referred to
as cell therapy. In cell therapy, cells that do not work well
are replaced with healthy, functioning cells.
The most common example of cell therapy is a bone
marrow transplant. This technique has been used for more
than 40 years. Cells in the bone marrow produce blood
cells. People with leukemia can receive a transplant of
healthy, functioning bone marrow which may cure their
disease.
Cell therapy is also used in experiments to graft new skin
cells for people who have been severely burned. Another
use is to grow new corneas for people whose eyesight is
failing. In all of these cases, the transplanted cells need to
become part of the body and need to continue to function
well as part of that body for the therapy to be a success (see
Figure 212).

TOK

How should stem cells be used?

Therapeutic cloning is a controversial issue for many
people. Stems cells are very flexible, making them ideal
for experimentation. Potentially their development can
be channelled to replace body tissue that has been
damaged or does not function as it should. Examples
of possible uses include growth of replacement heart
valves, treatment of diabetes mellitus and Parkinson’s
disease. However, to treat such conditions, significant
scientific hurdles such as immune system rejection of
stem cells will need to be overcome. There is also the
risk that manipulated cells could follow pathways that
are unexpected, such as the development of tumours.
Use of human embryonic stem cells for experimentation
requires the destruction of a human embryo. To many
people, destruction of the embryo means the death of a
human individual. This is unacceptable to most cultures
and religious traditions. Where such cultures and
religious traditions are influential, such experimentation
is limited or not possible. Today scientists are divided in
their ability to research the ability of stem cells by cultural
and religious as well as legal restrictions.

Cells

5IF1SPNJTFPG4UFN$FMM3FTFBSDI
&YQFSJNFOUTUP
TUVEZEFWFMPQNFOU
BOEHFOFDPOUSPM

%SVHEFWFMPQNFOU
BOEUPYJDJUZUFTUT
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$VMUVSFEQMVSJQPUFOU
TUFNDFMMT
5JTTVFT$FMMTGPSUIFSBQZ

#POFNBSSPX

/FSWFDFMMT

Figure 212

)FBSUNVTDMF
DFMMT

1BODSFBUJD
JTMFUDFMMT

The promise of stem cell research

2.2 Prokaryotic cells
2.2.1

Draw and label a diagram of the
ultrastructure of Escherichia coli (E. coli)
as an example of a prokaryote.
© IBO 2007

You have probably heard of Escherichia coli, commonly
known as E. coli. They are very common bacteria, e.g.
many of them live in your gut at any time. Using a scanning
electron microscope (SEM), you would see an image of
the outside of E. coli like the one in Figure 213 whereas a
transmission electron microscope (TEM) would produce
an image like the one shown in Figure 214.

Figure 213

Escherichia coli cells (3D)

When we combine a number of transmission EM pictures,
we can deduce the structure of E. coli. It is shown in
Figure 215. You should be able to draw and label a diagram
similar to this.
2.2.2

Annotate the diagram with the functions
of each of the named structures.

2.2.3

Identify structures from 2.2.1 in electron
micrographs of E. coli.
© IBO 2007

The various strucures in prokaryotic cells have particular
functions as follows.

Figure 214

An Escherichia coli bacterium (2D)
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cytoplasms of two bacterial cells and allow a plasmid to be
transferred from one bacterial cell to another. Figure 217
shows a photograph of bacterial conjugation.

Flagella
CORE

Flagellae are long thread-like structures, made of protein.
They are attached to the cell surface and they allow the
bacterium to move in a fluid environment.
$FMMXBMM

$ZUPTPM

/VDMFPJESFHJPO %/"
'MBHFMMVN

Figure 215

Diagram of a prokaryotic cell

'JHG

Cell wall

The cell wall is made of protein-sugars whereas plant cell
walls are made of cellulose.
It gives the cell its shape, protects the bacterium from
external damage and prevents bursting if the cell has
taken up a lot of water (e.g. in a hypotonic medium). It
also achors the pili and flagella which help some bacteria
move.

Ribosome

Ribosomes consist of RNA and proteins, they play a key role
in protein synthesis. The process is called translation (see
also Topic 3.5). Prokaryotic ribosomes are 70S. This means
that they are slightly less dense than eukaryotic ribosomes
which are 80S. Figure 219 shows a 3D reconstruction of a
ribosome.

Nucleoid region

The nucleoid region of the cell contains the DNA which
contains the genetic material.
It is the area from which all processes in the cell are
controlled.

Plasma membrane

The plasma membrane controls which materials enter
and leave the cell, either by active or passive transport. It is
selectively permeable.

Cytoplasm

Cytoplasm is a watery fluid that contains enzymes that
control metabolic reactions in the cell and also contains
the organelles of the cell.

Figure 216

Bacterial pili
Figure 217
Bacterial conjugation

Pili

Pili are thin protein tubes. They are found on the outside
of the plasma membrane. Refer to Figure 216.
There are two types of pili: attachment pili (sometimes
known as fimbriae) and conjugation pili (sometimes
known as sex pili). Prokaryotes are likely to have many
attachment pili. At the end of the pilus, there is a sticky
section which allows E. coli to stick to a surface such as the
cell membrane of another cell.
There tend to be only a few conjugation pili. They are
much longer than the attachment pili and play a role in
bacterial conjugation. They build a bridge between the
16

Figure 218
Bacterial flagella

Figure 219
3D model of a ribosome

Cells
2.2.4

State that prokaryotic cells divide by
binary fission.

2.3 Eukaryotic cellS

©IBO 2007

2.3.1

Draw and label a diagram of the
ultrastructure of a liver cell as an
example of an animal cell.
©IBO 2007

Figure 222 has been drawn on the basis of microscopic
observations of a number of eukaryotic cells such as liver
cells.

CORE

Prokaryotic cells divide by binary fission. The process of
binary fission starts with DNA replication which is followed
by the separation of the two circular strands of DNA to
either side of the cell. Then cytokinesis occurs, where the
cell divides into two. Each new cell receives about half of
the cytoplasm. Subsequent growth will restore each cell
to full size. Figure 220 shows an EM of bacterial binary
fission which is almost complete. Figure 221 shows this
process of binary fission diagrammatically.

NJDSPWJMMVT

QJOPDZUPUJDWFTJDMF
TNPPUIFOEPQMBTNJD
SFUJDVMVN
HSBOVMF
WFTJDMF
(PMHJBQQBSBUVT

Figure 220

Bacterial fission - photograph
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Figure 222

The ultrastructure of a eukaryotic cell

5IFDFMMDPOUJOVFTUPHSPX

2.3.2 Annotate the diagram with the functions
of each named structure.
5IFDFMMEJWJEFTJOUXP

2.3.3 Identify the structures in 2.2.1 in electron
micrographs of a liver cell.
©IBO 2007

Figure 221

Bacterial fission - diagram

Figure 229 shows a list of cell organelles, commonly found
in eukaryotic cells, with their functions.
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Figure 223

An electron micrograph of a liver cell

Figure 224

Ribosomes and rough ER

Figure 225
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Lysosomes

Figure 226

Figure 227

Golgi apparatus

Mitochondria

Figure 228

Nucleus

Cells
Cell organelle

Structure

Function

(free) ribosome

made of two subunits, both made of protein and
RNA

site of protein synthesis (see Topic 3.5)

rough endoplasmic
reticulum - RER

RER is membrane with ribosomes attached. RER
makes proteins that are exported via exocytosis in
order to be used outside the cell

site of protein synthesis (see Topic 3.5)

lysosome

contains hydrolytic enzymes e.g. lysozymes which
can break down substances in the cell

fuses with and digests old cell organelles and
material taken in via endocytosis (intracellular
digestion); it also can burst and cause
autolysis of a cell

Golgi apparatus

stack of flattened, membrane-bound sacs, forming
an extensive network in the cell

intracellular transport, processing and
packaging of proteins

mitochondrion

the link reaction and the Krebs cycle take place in
the matrix; the electron transport chain is found on
the cristae of the inner membrane

involved in the release of energy from organic
molecules

nucleus

largest cell organelle
contains DNA

controls the activity of the cell by transcribing
certain genes and not others (see Topic 3.5)

Figure 229

2.3.4

Cell organelles structures and functions table

Compare prokaryotic and eukaryotic
cells.
©IBO 2007

Figure 230 summarises some of the similarities and
differences between prokaryotic and eukaryotic cells.

2.3.5

CORE

free ribosomes make proteins that are used in the
cell

State three differences between plant
and animal cells.

with a very important extracellular component in animal
cells. Following are some more details about cellulose and
cartilage.
The main component of plant cell walls is cellulose.
The cell wall is a non-living secretion (an extracellular
component) of the cell and it serves several purposes:
• The cell wall provides support and mechanical strength
for the cell and in turn the tissues of the plant as a
whole. It determines the shape of the cell.

©IBO 2007

Figure 231 summarises some of the main differences
between plant and animal cells.

2.3.6

Outline two roles of extracellular
components.

• As the plant cell takes up water, the intra-cellular
pressure increases. The cell wall will limit the amount
of expansion and prevent the plant cell from bursting.
The cell will continue to take in water due to osmosis
but the same amount of water will be expelled due to
the pressure of the cell wall. The cell is now turgid and
mechanically quite stable. Many plants depend to a
large extend on turgor to keep them upright.

©IBO 2007

Extracellular components are found associated with
both plant and animal cells. Cellulose is the best known
example of an extracellular component in plant cells. Bone,
cartilage and connective tissue are examples of tissues

• Cellulose is a carbohydrate and plants can use the cell
wall for carbohydrate storage.
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Similarities
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genetic material

protein synthesis

Differences

DNA

ribosomes

respiration
ultrastructure

internal membranes

Figure 230

prokaryotes

eukaryotes

naked DNA

DNA associated with proteins (histones)

circular DNA

linear DNA

DNA found in cytoplasm (nucleoid
area)

DNA enclosed in nuclear envelope

70S (mass and size)

80S (mass and size)

no mitochondria but uses plasma
membrane and mesosomes

mitochondria

no internal membranes present

compartmentalise the cell into areas
with different functions

Comparing prokaryotic and eukaryotic cells table

Feature

Plant cell

Animal cell

cell wall

cellulose cell wall and plasma membrane

only plasma membrane

chloroplast

present in photosynthetic cells

absent

vacuole

large, permanent vacuole, filled with cell sap

small, temporary vacuoles may be present

reserve food

carbohydrate stored as starch and also plant oils

carbohydrate storage as glycogen and some
stored as animal fat

Figure 231

Differences between plant and animal cells

• The cell wall provides a barrier for pathogens (disease
causing organisms). Plant cells store specific proteins
in the cell wall that recognise pathogens and start a
‘defense response’ to them.
• Plasmodesmata are narrow channels through the cell
walls. They connect the cytoplasms of cells next to
each other to make it easier to exchange molecules.
Hyaline cartilage in animals is a tissue that has cells within
a lot of extra-cellular matrix (ECM). The ECM of cartilage
is a gel which contains certain kinds of glycoproteins. They
associate with water and collagen and are responsible for
the firmness and resilience of the cartilage. Figure 232
shows a photograph of cartilage. Notice that the cells
which produce the ECM are clustered in groups of 2-3
within a ‘sea’ of ECM.
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Figure 232

Hyaline cartilage

Cells

2.4 MEMBRANES
2.4.1

Draw and label a diagram to show the
structure of membranes.

2.4.2

Explain how the hydrophobic and
hydrophilic properties of phospholipids
help to maintain the structure of cell
membranes.

The phospholipid bilayer could form the outside of a
sphere, similar to a thin layer of soapy water forming a
bubble. If the layer of soap represents the membrane, then
the air inside the bubble represents the cytoplasm. This
arrangement is shown in Figure 235 (c).

©IBO 2007

Figure 233 shows a diagram of the fluid mosaic model
of membrane structure. Figure 234 is an electron
micrograph of the membrane (see pointer) of a liver cell
and the thickness of the membrane can be calculated
approximately using the bar.
If you were to build a membrane, you would start with
a phospholipid molecule which consists of a phosphate
head which is polar and ‘hydrophilic’ and 2 fatty acid tails
that are nonpolar and ‘hydrophobic’. This arrangement is
shown in Figure 235 (a).
You would then combine the phospholipids to form a bilayer.
The polar phosphate heads would be on the outside of the
layer because they can interact with water (hydrophilic).
The non-polar fatty acid tails are hydrophobic and will

This is the basic structure of a membrane. The function of
the plasma membrane is to keep the cell content separate
from the outside so that the cell can have a higher or
lower concentration of certain molecules, e.g. glucose or
enzymes. In order to achieve this function, the plasma
membrane must be able to control which substances enter
and leave the cell.
The phospholipid bilayer is quite effective in stopping
molecules from going into or out of the cell. Since the
membrane has a non-polar layer in its centre and two
polar layers on either side, it is very difficult for both polar
and non-polar molecules to pass through both layers.
However, every cell needs to exchange materials with its
environment and molecules need to enter and leave the
cell. This is one of the functions of proteins that are found
in between the phospholipid molecules.

0654*%&

QIPTQIPMJQJE
CJMBZFS

DBSCPIZESBUF

*/4*%&
QSPUFJOTFNCFEEFE
JOMJQJEMBZFS
QPSFQSPUFJOGPSNJOH
BQBTTBHFUISPVHI
UIFCJMBZFS

Figure 234 Electron micrograph of a
plasma membrane of a liver cell

JOUSJOTJDQSPUFJO
TQBOOJOHUIFCJMBZFS
DBSCPIZESBUF

DIPMFTUFSPM

FYUSJOTJDQSPUFJO

(a)

(b)

Figure 235
Figure 233

Diagram of a plasma membrane

(c)

Molecular structure of
membranes
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be away from the water on the inside of the bilayer. This
arrangement is shown in Figure 235 (b).
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Two kinds of membrane proteins are recognised
Integral proteins are those in which most of the protein
molecule is found in between the phospholipid molecules
of the membrane; they interact with the cytoplasm on one
side, with external molecules outside the cell and with the
hydrophilic section of the membrane in between.
Peripheral proteins are mostly found outside the
phospholipid bilayer in the cytoplasm but interact with the
phosphate heads; they may not be permanently associated
with the membrane.
Some proteins have a carbohydrate group attached to
them. They are then called glycoproteins.
Last but not least, plasma membranes contain cholesterol.
Figure 236 shows that cholesterol is quite a large molecule.
It is usually positioned between the fatty acid tails of the
phospholipids and reduces fluidity and permeability. (Note;
The IBO syllabus does not require students to memorise the
structure of cholesterol.)

This arrangement is quite stable because any change in the
relative positions of the phospholipid molecules decreases
the interactions between polar parts of molecules and
increase interactions between non-polar groups and
water.
2.4.3 List the functions of membrane proteins.
©IBO 2007

Proteins in the plasma membrane can have various
functions as follows.
• Hormone binding sites - hormones transported by the
blood will only act on cells that have the appropriate
protein receptor on the outside of their membrane.
• Immobilised enzymes (also called membrane-bound
enzymes) - enzymes arranged into systems in order to
make it easier for a sequence of reactions to occur. A
good example is the electron transport chain on the
cristae of the mitochondrion (see Topic 8.1).
• Cell adhesion - integral proteins can stick out and bind
to specific protein molecules in adjacent cells or they
can bind to an extracellular matrix (see Topic 2.3.6).
• Cell to cell communication - either via direct contact
between the membrane proteins of adjacent cells or via
signals such as hormones or neurotransmitters.
• Channels for passive transport - they are often small
proteins where the outside is hydrophobic and the
inside of the hollow tube is hydrophilic, allowing polar
molecules to enter the cell as shown in Figure 237.

Figure 236

Structure of cholesterol
hydrophobic

hydrophilic

Membranes have varying amounts of cholesterol. If a
membrane has a lot of cholesterol, it will be very stable and
not very permeable. Membranes of intracellular organelles
such as mitochondria have less cholesterol. They are more
fluid and more permeable.
In summary:
• the main component of membranes is a phospholipid
bilayer
• membranes also contain integral and peripheral
proteins
• some of these proteins are glycoproteins (proteins with
a carbohydrate attached)
• membranes contain cholesterol
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Figure 237

phospholipid bilayer

Passive transport
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Figure 238

Active transport

Simple diffusion is possible for small, non-polar molecules.
They can diffuse across the membrane without additional
assistance. However, for polar molecules (ions), the
membranes forms a barrier that is difficult to cross without
help. There are two possibilities for facilitated diffusion,
both using proteins in the membrane. They are channel
proteins and transport proteins.
Channel proteins create a hydrophilic pore in the
membrane through which small charged particles (ions)
can diffuse into the cell (see Topic 2.4.3)
Transport proteins can help move substances such as
glucose into the cell. The transport protein has a binding
site specific for glucose. Once glucose binds, there will
be a change in the structure of the protein which carries
the glucose molecules across the membrane and releases
it inside the cell. The transport protein goes back to its
original shape and is really to move the next glucose
molecule into the cell.
(see also Topics 6.1.6 and 6.1.7)
2.4.6

2.4.4

Define diffusion and osmosis.
©IBO 2007

Explain the role of protein pumps
and ATP in active transport across
membranes.
©IBO 2007

Diffusion

Diffusion is the movement of gas or liquid particles
from a region of high concentration to a region of low
concentration.

Osmosis

Osmosis is the passive movement, or diffusion of water
molecules, across a partially permeable membrane, from a
region of lower solute concentration to a region of higher
solute concentration. The nett result is to tend to equalize
solute concentrations on either side of the membrane.
2.4.5

Explain passive transport across
membranes in terms of simple diffusion
and facilitated diffusion.
©IBO 2007

It is important to remember that both simple diffusion
and facilitated diffusion are passive transport. This means
that they do not require energy but it also means that
the direction of the diffusion is down the concentration
gradient.

Active transport requires energy. It will not take place
unless ATP is available. Active transport often moves
particles against the concentration gradient, that is from
low to high concentration. An example is the sodiumpotassium pump. Refer to Figure 238.
Be aware that the proteins involved in active transport are
often also referred to as transport proteins. The process is
not very different from facilitated diffusion but remember
that active transport requires energy (ATP) and may go
against the concentration gradient.
Transport proteins are sometimes called carrier proteins
or membrane pumps e.g. the sodium-potassium pump.
A protein in the plasma membrane can move sodium
out of the cell and potassium into it even though the
concentration of sodium outside is higher than inside
and vice versa for potassium. This is important in the
functioning of nerve cells. The proteins involved in this
process are selective. Refer again to Figure 238.
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• Pumps for active transport - e.g. Na+/K+ pump in
nerve cells, using ATP to transport Na ioins back
outside the axon and K ions back in. This is illustrated
in Figure 238.
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Figure 239

2.4.7

Formation of vesicles for exocytosis

the Golgi apparatus. This membrane then joins the cell
surface membrane in the process of exocytosis. Refer to
Figure 239.

Explain how vesicles are used to
transport materials within a cell between
the rough endoplasmic reticulum, Golgi
apparatus and plasma membrane.
©IBO 2007

As Figure 239 illustrates, intracellular transport often
involves the use of vesicles.
From the fluid mosaic model, it can be seen that membranes
are not static structures. The molecules making up the
membrane can move in the plane of the membrane. Also
this structure has some flexibility so that small amounts
of membrane can be added or removed without tearing
the membrane (this is called endocytosis and exocytosis),
(see also Topic 2.4.8). Since the structure of the plasma
membrane is essentially the same as that of the nuclear
envelope, the endoplasmic reticulum (ER) and the Golgi
apparatus, it is possible to exchange membrane sections
between them.
The RER produces the proteins that are intended
for export and the function of the Golgi apparatus
is to prepare substances for exocytosis. This involves
wrapping the substance in a section of membrane from
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Many of the substances which the cell ‘exports’ are
proteins and hence the following organelles and processes
are involved:
1. The nucleus which contains chromosomes that, in turn
contain genes coding for proteins. Messenger RNA
(mRNA) is then made by transcription and passes
from the nucleus to the cytoplasm.
2. The rough ER which contains the ribosomes which
make proteins, intended for export, by translation.
3. The protein then goes into the lumen of the RER, is
surrounded by membrane and moves to the Golgi
apparatus for processing before it leaves through the
cell surface membrane by exocytosis.
There is no continuous connection between the rough
ER and Golgi apparatus. There is, however, an indirect
connection made by membrane-bound secretory vesicles,
which bud off from the ER and move to the Golgi apparatus,
where the membranous components fuse and the contents
of the vesicles are delivered for modification within the
Golgi apparatus. In turn secretory vesicles from the Golgi
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Figure 240
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Diagram of endocytosis

Cells

2.5 Cell division

Endocytosis

Endocytosis is the process by which the cell takes up a
substance by surrounding it with membrane. This process
requires energy (ATP). Cells use endocytosis to take in
substances that cannot enter the cell in other ways because
they are highly polar and/or too large. Examples of
endocytosis would be white blood cells taking up bacteria.
The process of endocytosis is shown in Figure 240.

The cell cycle of growth, duplication and division can be
divided into several stages as shown in Figure 242.
*/5&31)"4&
(SPXUI%/"
SFQMJDBUJPO
4QIBTF
'ROWTH
 '0HASE

(SPXUI
QSFQBSBUJPOGPS
EJWJTJPO
(1IBTF

.

FU

1SPQ
I

BQ

TF

QIB

"OB

5FMPQIBTF

Two different types of endocytosis are recognised,
pinocytosis (when the substance is fluid), which is
sometimes called “cell drinking” and phagocytosis (when
the substance is solid), which is sometimes called “cell
eating”.

As discussed in Topic 1, the cell theory is considered to
have three important aspects:
• all organisms are made of one or more cells.
• cells are the units of life.
• cells only arise from pre-existing cells.
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Describe how the fluidity of the
membrane allows it to change shape,
break and reform during endocytosis
and exocytosis.
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2.4.8

Outline the stages in the cell cycle,
including interphase (G1, S, G2), mitosis
and cytokinesis.
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Exocytosis

Exocytosis is the reverse of endocytosis and results in
materials being removed from cells. It also requires energy
in the form of ATP.
Figure 241 presents an overview of the processes
by which materials can enter a cell.
ATP
required

Concentration
gradient

Diffusion

no

down

Facilitated diffusion

no

down

Osmosis

no

down

Active transport with
carrier proteins

yes

against is possible

Endocytosis

yes

against is possible

Figure 241

Overview of processes by which materials
can enter a cell

Figure 242

The cell cycle

There are some important terms that you need to
understand.
Mitosis refers to the process of nuclear division.
Cytokinesis occurs after mitosis and is the actual physical
division of the cell and is therefore not included in
mitosis.
Stage G1 refers to the period of cell growth and increase
in number of cell organelles.
Stage S indicates the synthesis of DNA otherwise known
as replication.
Stage G2 is the preparation for mitosis.
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2.5.1

JT

can leave the cell via exocytosis at the plasma membrane,
where again fusion of membrane components occurs.
Refer again to Figure 239.

Chapter 2
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includes cells responsible for the growth of hair, cells which
form the lining of the gut and sperm -producing cells. This
cause the side-effects involved with this treatment.

State that tumours (cancers) are the result
of uncontrolled cell division and that
these can occur in any organ or tissue.
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Mitosis and cell division are usually under strict control,
only producing new cells needed for growth or repair.
Tumour repressor genes produce proteins which inhibit
cell division. Proto-oncogenes are genes that produce
proteins which stimulate growth and cell division. If
mutations occur in these genes, cell division can become
uncontrolled, resulting in a tumour. This can occur in any
organ or tissue. Figure 243 illustrates the main stages in
the growth of a cancer.

2.5.3
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Only a small part of the cell’s life cycle is in mitosis, which
is the division of the nucleus. Cytokinesis is the division of
the cell and follows immediately after mitosis. It can even
start before the last phase of mitosis is completely finished.
Most of the time in the cell cycle, the cell is in interphase.

Certain kinds of radiation and certain chemicals are
known to be carcinogenic, mostly they increase the
chances of mutation, although some seem to increase the
effect of mutations already present. Viruses inserting their
genetic material into the chromosomes of the host, may
also contribute to the formation of tumour cells. Certain
forms of electromagnetic radiation also increase the rate of
mutation (mutagenic) and are therefore also carcinogenic.
There is a strong correlation between the amount of
ultraviolet light and the incidence of skin cancer. A series
of genetic changes in a cell is needed before it becomes
a tumour cell. However, the changes accumulate over
the years, making cancer quite common in the aging
population and a very common cause of death.

Stages G1, S and G2 together are called interphase. Rather
than being a ‘resting phase’ as once thought, Interphase
is a very active period in the life of a cell, where many
biochemical reactions, DNA transcription and translation
and DNA replication occur.
In order for the cell to function properly, the right
reactions must take place at the right time. Within a cell,
chemical reactions usually only take place in the presence
of the correct enzyme. Enzymes are proteins and are
produced by the process of transcription and translation
(see Topic 3.5).

Some tumours are harmless or benign e.g. warts. Others
may become malignant and spread to other tissues and
other parts of the body and are then called cancer. Cancer
can be treated in a number of ways:
• surgical removal
• radiation therapy
• chemotherapy

As described above, replication of DNA takes place during
the S phase of interphase.
The number of mitochondria and chloroplasts in the cell
increases mostly during G2 phase. All through interphase,
the chloroplasts and mitochondria absorb material from
the cell and grow in size.

Surgical removal

Surgical removal of the tumour cells
before they can grow further and spread

State that interphase is an active period
in the life of a cell when many metabolic
reactions occur, including protein
synthesis, DNA replication, and an
increase in the number of mitochondria
and chloroplasts.

epithelial
cells
cancer
lymph
cells
vessel

tumour
blood
vessel

connective
tissue

muscle
cells

carcinoma
of the
intestine

metastatic
cells

Radiation therapy

Radiation therapy (radiotherapy) using
a strong ionising or nuclear radiation
beam which can be directed to a precise
point and will ‘burn’ all cells in the area

Chemotherapy

Chemotherapy uses chemicals that
destroy all rapidly dividing cells by
medication. Unfortunately this also
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Healthy cells with
on cell cancer

Figure 243

Multiplication of
cancerous cells

Metastasized cells

Stages in the growth of a cancer

Cells
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The duration of the cell cycle varies greatly between
different cells. The cell cycle of bacteria is 20 minutes,
beans take 19 hours and mouse fibroblasts take 22 hours.
Also the different stages in interphase can last for different
amounts of time. However, generally interphase lasts
longer than mitosis. The cell division times quoted above
are under ideal conditions.
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2.5.4

Describe the events that occur in the
four phases of mitosis.
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The behaviour of the chromosomes in each of the four
phases is described below. The purpose of mitosis is to
increase the number of cells without changing the genetic
material, i.e. the daughter cells are identical to the parent
cell in the number of chromosomes, the genes and alleles.
Mitosis can occur in haploid, diploid or polyploid cells.

.FUBQIBTFQMBUF

%BVHIUFS
DISPNPTPNFT

Mitosis is divided into four phases:
• prophase
• metaphase
• anaphase
• telophase
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When a nucleus is not dividing it can be said that the cell
is in interphase.
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It is important to note that nuclear division is a continuous
process although it is usually discussed as consisting of
four stages. It is more important to know what typically
happens in each stage than to be able to determine the
stage of every cell in a microscope slide.

Interphase

• DNA replication occurs.
• At this stage, the genetic material is in the form of
chromatin: long strands of DNA with associated
proteins.

Prophase
•
•
•
•
•
•

Chromosomes become visible (supercoiling).
Centrioles move to opposite poles.
Spindle formation.
Nucleolus becomes invisible.
Nuclear membrane disappears.
At this stage, each chromosome consists of two identical
sister chromatids, held together by a centromere as
shown in Figure 244.

Metaphase

• Chromosomes move to the equator.
• Spindle microtubules attach to the centromeres.

$MFBWBHF
GVSSPX

Figure 244

The process of mitosis

Anaphase

• Centromeres separate.
• Chromatids separate and move to opposite poles - they
are now called chromosomes.

Telophase
•
•
•
•
•
•

Chromosomes have arrived at poles.
Spindle disappears.
Centrioles replicate (in animal cells).
Nuclear membrane reappears.
Nucleolus becomes visible.
Chromosomes become chromatin.

These headings correspond to the stages shown opposite in
Figure 244.
The division of the cell is sometimes included as the last
stage of telophase; strictly speaking, however, cytokinesis
is not a part of mitosis.
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Mitosis can be summarised as the dispersing of the nuclear
material, the movement of centrioles (if present) to
opposite ends, microtubules developing into a spindle, the
supercoiling of chromatin, its attachment to the spindle
fibres at the centromere region, and the separation and
movement of chromatids to opposite poles of the cell.
2.5.5

Explain how mitosis produces two
genetically identical nuclei.
©IBO 2007

The result of the process of mitosis is two nuclei. During
S phase, each chromosome replicates (forms an exact copy
of itself). These copies are called sister chromatids. These
identical sister chromatids are separated during Anaphase,
and are moved to each pole. When they are separated they
are referred to as chromosomes. The result is two nuclei,
identical to each other and to the original nucleus.
2.5.6

State that growth, embryonic
development, tissue repair and asexual
reproduction involve mitosis.
©IBO 2007

The growth of tissue involves the production of similar
cells. Muscle produces more muscle by the process of
mitosis. Similarly, a wound requires the production of
identical replacement cells to repair the damage.
A zygote, or fertilised egg cell is one cell. To grow out
into a multicellular organism, repeated mitotic divisions
increase the number of cells. As the number of cells
increases, differentiation takes place by expressing some
genes and not others (see also Topic 2.1.8).
Asexual reproduction involves the production of identical
cells by mitosis. It is a means for a rapid and significant
increase in the numbers of individuals. Plants that are
called ‘weeds’, for example, are successful partly due to
their capacity for vegetative reproduction which is a form
of asexual reproduction.
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1. The
to:
A
B
C
D

resolving power of a light microscope is closest
20 nm
200 nm
2000 nm
2 mm

2. If it was desired to observe the true colour of a coral
polyp of diameter 0.02 mm it would be best to use:
A the unaided eye
B a light microscope with staining
C a light microscope without staining
D an electron microscope
3. The membrane-bound structures within eukaryotic a
cell are known as:
A cytoplasm
B nuclei
C granules
D organelles
4. The size of the nucleus of a typical cell is about:
A 10 - 20 micrometer
B 50 - 70 micrometer
C 100 - 200 micrometer
D 10 - 20 mm
5. Two cubes have side lengths in the ratio 1:3. Their
surface areas are in the ratio:
A 1:3
B 1:6
C 1:9
D 1:27
6. Large fish need to have gills because:
A Their bodies have a large surface area through
which they can exchange gases with the
surrounding water.
B Their bodies have a small surface area compared
with their volume. Gills provide additional
surface area through which they can exchange
gases with the surrounding water.
C Their bodies have a small surface area through
which they can exchange gases with the
surrounding water.
D They use them to adjust their buoyancy.

7. The DNA in the nucleus of eukaryotic cells is:
A linear but not contained in the nucleus
B linear and contained in the nucleus
C circular but not contained in the nucleus
D circular and contained in the nucleus
8. The largest cell organelle is generally the:
A Golgi apparatus
B rough endoplasmic reticulum
C nucleus
D ribosome
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9. The main reserve food for animal cells is:
A glycogen
B DNA
C starch
D RNA
10. What is an important part of the structure of a cell
membrane?
A a phospholipid layer
B a phospholipid bilayer
C a protein bilayer
D protein layer
11. Endocytosis is:
A the process by which the cell takes up a substance
by surrounding it with membrane
B the process by which the cell takes up a substance
by osmosis
C the process by which the cell takes up a substance
by diffusion
D a disease of single celled animals
12. In the cell cycle, the interphase is:
A a passive phase between two active phases
B an active phase during which DNA replication
and many other processes occur
C a period when mitosis occurs
D a period when cytokinesis occurs
13. Replicated DNA molecules (chromosomes) are moved
to opposite ends of the cell by:
A diffusion
B osmosis
C the nucleus
D spindle fibres
14. One of the functions of the Golgi apparatus is to:
A prepare substances for exocytosis
B excrete waste
C synthesise proteins.
D respire
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15. The passive movement of water molecules, across
a partially-permeable membrane from a region of
lower solute concentration to a region of higher solute
concentration is known as:
A diffusion
B osmosis
C dilution
D extraction
16. The nuclear membrane disappears during the:
A prophase
B telophase
C anaphase
D interphase
17. The heart, liver and kidneys are examples of:
A organelles
B organs
C systems
D single tissues
18. Differentiation results in cells:
A transcribing some of their DNA
B using all of their DNA during replication
C changing type when they replicate
D mutating
19. Arrange the following by size. Start with the largest.
• atom
• cell
• organelle
• DNA double helix
• eukaryotic cell
• prokaryotic cell
• thickness of membranes
20. A chihuahua (small dog) was gently wrapped in a
paper cylinder. Her surface area was estimated to be
approximately 0.13 m2. The volume was estimated
(using a clay model) at 2 dm3.
The same method was used to estimate the surface
area and volume of a child. The child was estimated to
have a surface area of 0.9 m2 and a volume of 24 dm3.
(a) State which organism has the largest surface
area?
(b) Calculate the surface area over volume ratio for
the dog and the child.
(c) Predict which organism would need the most
food per kg bodyweight? Explain your answer.
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21. (a) Draw and label a diagram of a prokaryotic cell as
seen with the electron microscope.
(b) Draw and label a diagram of a eukaryotic cell as
seen with the electron microscope.
(c) List the cell organelles found in eukaryotic cells
but not in prokaryotic cells and outline their
structure and functions..
22. (a) Describe the structure of a membrane according
to the fluid mosaic model. Use a diagram to
illustrate your answer.
(b) Explain why intrinsic proteins in the membrane
are arranged so that their non polar amino acids
are in the middle of the protein molecule.
23. Identify during which stage of the cell cycle (Interphase
or Mitosis) each of the following occurs.
• creation of two genetically identical nuclei
• biochemical reactions
• separation of sister chromatids
• DNA replication
• chromosomes moving to the equator
• protein synthesis
24. Mitosis is used in several different processes. List as
many as you can.
25. Explain why does the surface area to volume ratio
decreases as a cell gets bigger?
Outline why this causes problems for the cell.
26. A light microscope is used to take a photograph
of a cell, using a magnification of 400 times. In the
photograph, the nucleus measures 8 mm. Calculate
the actual (real) size of the nucleus?

