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Nucleus: The Cell’s Brain 

Look down. Notice the slight curve? You’re stand-

ing on a somewhat spherical structure about 50 

feet in diameter. It’s the nucleus —basically the 

cell’s brain. 

The nucleus is the most prominent organelle 

and can occupy up to 10 percent of the space 

inside a cell. It contains the equivalent of the cell’s 

gray matter —its genetic material, or DNA. In  

the form of genes, each with a host of helper 

molecules, DNA determines the cell’s identity, 

masterminds its activities, and is the official 

cookbook for the body’s proteins. 

Go ahead—jump. It’s a bit springy, isn’t it? 

That’s because the nucleus is surrounded by two 

pliable membranes, together known as the 

nuclear envelope. Normally, the nuclear envelope 

is pockmarked with octagonal pits about an inch 

across (at this scale) and hemmed in by raised 

sides. These nuclear pores allow chemical 

messages to exit and enter the nucleus. But we’ve 

cleared the nuclear pores off this area of the 

nucleus so you don’t sprain an ankle on one. 

If you exclude the nucleus, the rest of the 

cell’s innards are known as the cytoplasm. 

EUKARYOTIC CELLS 

The cells of “complex” organisms, including all 
plants and animals 

PROKARYOTIC CELLS 

“Simple” organisms, including 
bacteria and blue-green algae 

Contain a nucleus and many other organelles, 
each surrounded by a membrane (the nucleus 
and mitochondrion have two membranes) 

Lack a nucleus and other 
membrane-encased organelles 

Can specialize for certain functions, such as absorbing 
nutrients from food or transmitting nerve impulses; 
groups of cells can form large, multicellular organs 
and organisms 

Usually exist as single, virtually 
identical cells 

Most animal cells are 10–30 micrometers across, 
and most plant cells are 10–100 micrometers across 

Most are 1–10 micrometers across 

Virtually all forms of life fall into one of two categories: eukaryotes or prokaryotes. 
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Kingdom Description Examples

Archaebacteria Prokaryote, one-celled, live 
in harsh places on Earth

Thermophiles, Halophiles, 
Methanogens

Eubacteria
Prokaryote, common 
bacteria, found everywhere, 
one-celled

E.coli, staphylococcus

Protista Eukaryote, some one-celled, 
some multi-celled, diverse

Euglena, Paramecium, Slime 
Mold

Fungi Eukaryote, multi-celled, 
heterotrophic Mushrooms, Morels

Plantae Eukaryote, multi-celled, 
autotrophic

Angiosperms (flowers), 
gymnosperms, mosses, ferns

Animalia Eukaryote, multi-celled, 
heterotrophic

Worms, sponges, insects, 
amphibians, birds, mammals
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Radiation affects all cells and organisms, 
but in different ways … 
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https://en.wikipedia.org/wiki/Radioresistance
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a b s t r a c t

Long-term survival has been one of the most studied of the extraordinary physiological characteristics of
cryptobiosis in micrometazoans such as nematodes, tardigrades and rotifers. In the available studies of
long-term survival of micrometazoans, instances of survival have been the primary observation, and
recovery conditions of animals or subsequent reproduction are generally not reported. We therefore
documented recovery conditions and reproduction immediately following revival of tardigrades
retrieved from a frozen moss sample collected in Antarctica in 1983 and stored at !20 "C for 30.5 years.
We recorded recovery of two individuals and development of a separate egg of the Antarctic tardigrade,
Acutuncus antarcticus, providing the longest records of survival for tardigrades as animals or eggs. One of
the two resuscitated individuals and the hatchling successfully reproduced repeatedly after their re-
covery from long-term cryptobiosis. This considerable extension of the known length of long-term
survival of tardigrades recorded in our study is interpreted as being associated with the minimum
oxidative damage likely to have resulted from storage under stable frozen conditions. The long recovery
times of the revived tardigrades observed is suggestive of the requirement for repair of damage accrued
over 30 years of cryptobiosis. Further more detailed studies will improve understanding of mechanisms
and conditions underlying the long-term survival of cryptobiotic organisms.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Keilin [12] introduced the term ‘cryptobiosis’ as “the state of an
organism when it shows no visible signs of life and when its
metabolic activity becomes hardly measurable, or comes reversibly
to a standstill”. Several strategies of cryptobiosis are known,
induced by different physiological stimuli including desiccation
(anhydrobiosis), freezing (cryobiosis), osmotic pressure (osmo-
biosis), and oxygen deficiency (anoxybiosis) [12]. Long-term sur-
vival, mainly in an anhydrobiotic state, has been one of the most
studied of the extraordinary physiological characteristics of cryp-
tobiosis in micrometazoans such as nematodes, tardigrades and
rotifers e.g. Refs. [1,2,6e9,13,16,20].

The documented record of long-term survival of a micro-
metazoan under anhydrobiosis belongs to a plant-parasitic nema-
tode, with five individuals of Tylenchus polyhypnus, two young
females and three larvae, being revived after almost 39 years [20].
Many second-stage larvae of the nematode Anguina tritici in wheat

galls revived after 32 years of storage either under low constant
humidity or refrigeration at about 5 "C [13]. Fielding [6] reported
survival of larvae of the same species in dry galls after 28 years in
storage.

Limber [13] reported the ability of revived nematodes to invade
wheat seedlings, with maximum survival of 408 days in tap water
after revival, but subsequent reproduction was not considered in
any detail. Reproduction by revived animals after long-term cryp-
tobiosis was reported in a free-living soil nematode, Panagrolaimus
sp [1]. Four juveniles (two males and two females) recovered from
anhydrobiosis in a dried soil sample stored at room temperature for
8.7 years, and the females laid many eggs that hatched and
developed into fertile adults.

There are also some reports of long-term anhydrobiotic survival
in rotifers and tardigrades. The longest published records for both
groups are 9 years, with the rotifer Mniobia sp. being found alive
and eggs of the tardigrade Ramazzottius oberhaeuseri hatched from
samples of dried lichen and moss [9]. The juveniles of R. ober-
haeuseri survived in distilled water without any food source for a
maximum of 40 days [9]. Survival of three Antarctic tardigrade

* Corresponding author. National Institute of Polar Research, 10-3 Midori-cho,
Tachikawa-shi, Tokyo 190-8518, Japan.

E-mail address: tsujimoto@nipr.ac.jp (M. Tsujimoto).

Contents lists available at ScienceDirect

Cryobiology

journal homepage: www.elsevier .com/locate/ycryo

http://dx.doi.org/10.1016/j.cryobiol.2015.12.003
0011-2240/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Cryobiology 72 (2016) 78e81



Edoardo Milotti - Radiobiology 7



Edoardo Milotti - Radiobiology 8

Deinococcus radiodurans

is an extremophilic bacterium, one 
of the most radiation-resistant 
organisms known. 

It can survive cold, dehydration, 
vacuum, and acid, and is therefore 
known as a polyextremophile and 
has also been listed as the world's 
toughest bacterium in The 
Guinness Book Of World Records.
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Thermococcus gammatolerans

is an archaea extremophile and the 
most radiation-resistant organism 
known to exist.

Discovered in 2003 in a submarine 
hydrothermal vent in the Guaymas
Basin about 2,000 meters deep off 
the coast of California, 
Thermococcus gammatolerans
thrives in temperatures between 
55–95 °C with an optimum 
development at approximately 88 
°C. 
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While the action of radiation is the same, 
cells counter damage in different ways

It is now essential to learn about the basic biology of cells, how 
radiation damages the structures that make up cells, and how 
damage is managed by different cells. 
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Basic definitions

• A group of cells that together perform one or more functions 
is referred to as tissue.

• A group of tissues that together perform one or more 
functions is called an organ.

• A group of organs that perform one or more functions is an 
organism.



Edoardo Milotti - Radiobiology 12

Human cells are either somatic cells or germ cells.

Germ cells are either a sperm or an egg, all other human cells are called somatic 
cells.

Cells propagate through division:

• Division of somatic cells is called mitosis and results in two genetically identical 
daughter cells.

• Division of germ cells is called meiosis and involves two fissions of the nucleus giving 
rise to four sex cells, each possessing half the number of chromosomes of the original 
germ cell.

• When a somatic cell divides, two cells are produced, each carrying a chromosome 
complement identical to that of the original cell.

• New cells themselves may undergo further division, and the process continues 
producing a large number of progeny.
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Somatic cells are further classified as:

• Stem cells, which are undifferentiated cells that can differentiate into specialized cells and can 
divide (through mitosis) to produce more stem cells. In mammals, there are two broad types of 
stem cells: embryonic stem cells, and adult stem cells, which are found in various tissues. 

• Progenitor cells, which are cells that, like a stem cell, have a tendency to differentiate into a 
specific type of cell, but is already more specific than a stem cell and is pushed to differentiate 
into its "target" cell. The most important difference between stem cells and progenitor cells is 
that stem cells can replicate indefinitely, whereas progenitor cells can divide only a limited 
number of times.

In adult organisms, stem cells and progenitor cells act as a repair system for the body, replenishing adult 
tissues. In a developing embryo, stem cells can differentiate into all the specialized cells—ectoderm, endoderm 
and mesoderm (see induced pluripotent stem cells)—but also maintain the normal turnover of regenerative 
organs, such as blood, skin, or intestinal tissues.

• Transit cells, which are cells in movement to another population.
• Mature cells, which are fully differentiated and do not exhibit mitotic activity.



Edoardo Milotti - Radiobiology 14

From the point of view of tissues:

Classification of tissues based on cellular components
• Epithelial tissue: formed by cells that line cavities and surfaces of blood vessels 

and organs
• Muscle tissue: cells that give muscles the ability to contract
• Connective tissue: cells that support, connect or separate different types of 

tissues and organs
• Nerve tissue: cells that make up the nervous system

Classification based on tissue function
• Stroma, that part of tissue or organ that has connective or structural role (all the 

parts without specific functions of an organs like connective tissue, blood vessels, 
nerves, etc.)

• Parenchyma, the functional part of the tissue or organ. 
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A few important examples of parenchyme
Brain
The brain parenchyma refers to the functional tissue in the brain that is made up of the two types of 
brain cell, neurons and glial cells.

Lungs
Lung parenchyma is the substance of the lung outside of the circulatory system that is involved with 
gas exchange and includes the pulmonary alveoli and respiratory bronchioles.

Liver
The liver parenchyma is the functional tissue of the organ made up of around 80% of the liver 
volume as hepatocytes. The other main type of liver cells are non-parenchymal. 

Tumors
The tumor parenchyma, of a solid tumour, is one of the two distinct compartments in a solid tumour. 
The parenchyma is made up of neoplastic cells. The other compartment is the stroma induced by the 
neoplastic cells, needed for nutritional support and waste removal. 
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Other important key words: 

• Mesenchymal cells, cells that lack polarity and are surrounded by a large 
extracellular matrix.

• Hematopoietic cells, or hemocytoblasts, cells that give rise to all other blood cells

• Sarcoma, is a cancer that arises from transformed cells of mesenchymal origin. Thus, 
malignant tumors made of cancellous bone, cartilage, fat, muscle, vascular, or hematopoietic 
tissues are, by definition, considered sarcomas. 

• Carcinoma, is a malignant tumor originating from epithelial cells.
• Blastoma, is a tumor, more common in children, caused by malignancies in precursor cells 

(blast cells or simply blasts). Blasts are unipotent cells (cells that have lost most or all of the 
stem cell multipotency)

Human sarcomas are quite rare. Common malignancies, such as breast, colon, and lung 
cancer, are almost always carcinoma.
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Each specific type of cells makes up different tissues throughout the organism 
(example, epithelial cells)
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CHAPTER 1  B Y  A L I S A  Z A P P  M A C H A L E K  

An Owner’s Guide to the Cell  

wasn’t too alarming. You have shrunk Welcome! I hope the transformation 

down to about 3 millionths of your normal size. 

You are now about 0.5 micrometers tall 

(a micrometer is 1/1000 of a millimeter). But 

don’t worry, you’ll return to your normal size 

before you finish this chapter. 

At this scale, a medium-sized human cell 

looks as long, high, and wide as a football field. 

But from where we are, you can’t see nearly that 

far. Clogging your view is a rich stew of mole-

cules, fibers, and various cell structures called 

organelles. Like the internal organs in your 

body, organelles in the cell each have a unique 

biological role to play. 

Now that your eyes have adjusted to the 

darkness, let’s explore, first-hand and up close, 

the amazing world inside a cell. 

Nucleus 

Rough ER Smooth ER 

Lysosomes 

Golgi 

Mitochondria 

A typical animal cell, sliced open to reveal cross-sections of organelles. 
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Nucleus: The Cell’s Brain 

Look down. Notice the slight curve? You’re stand-

ing on a somewhat spherical structure about 50 

feet in diameter. It’s the nucleus —basically the 

cell’s brain. 

The nucleus is the most prominent organelle 

and can occupy up to 10 percent of the space 

inside a cell. It contains the equivalent of the cell’s 

gray matter —its genetic material, or DNA. In  

the form of genes, each with a host of helper 

molecules, DNA determines the cell’s identity, 

masterminds its activities, and is the official 

cookbook for the body’s proteins. 

Go ahead—jump. It’s a bit springy, isn’t it? 

That’s because the nucleus is surrounded by two 

pliable membranes, together known as the 

nuclear envelope. Normally, the nuclear envelope 

is pockmarked with octagonal pits about an inch 

across (at this scale) and hemmed in by raised 

sides. These nuclear pores allow chemical 

messages to exit and enter the nucleus. But we’ve 

cleared the nuclear pores off this area of the 

nucleus so you don’t sprain an ankle on one. 

If you exclude the nucleus, the rest of the 

cell’s innards are known as the cytoplasm. 

EUKARYOTIC CELLS 

The cells of “complex” organisms, including all 
plants and animals 

PROKARYOTIC CELLS 

“Simple” organisms, including 
bacteria and blue-green algae 

Contain a nucleus and many other organelles, 
each surrounded by a membrane (the nucleus 
and mitochondrion have two membranes) 

Lack a nucleus and other 
membrane-encased organelles 

Can specialize for certain functions, such as absorbing 
nutrients from food or transmitting nerve impulses; 
groups of cells can form large, multicellular organs 
and organisms 

Usually exist as single, virtually 
identical cells 

Most animal cells are 10–30 micrometers across, 
and most plant cells are 10–100 micrometers across 

Most are 1–10 micrometers across 

Virtually all forms of life fall into one of two categories: eukaryotes or prokaryotes. 
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Molecular Motors 

Vesicles don’t just wander around aimlessly. Like 

many other materials inside the cell, including 

some organelles, they often are carried by small 

molecular motors along tracks formed by the 

cytoskeleton. Your body uses motors to get all 

sorts of things done —copying DNA (and fixing 

it when a “typo” slips in), making ATP and pro-

teins, and putting molecules in the correct places 

during development to make sure the body is 

assembled correctly. 

In recent years, scientists have discovered that 

the workings of every motor they examined hinge on 

the same two ingredients: an energy source (usually 

ATP) and chemical reactions. Ronald Vale of the 

University of California, San Francisco, has found 

that molecular motors function sort of like a 

falling row of dominoes. Chemical reactions driven 

by ATP cause small shape changes in parts of the 

motor proteins, which then alter the shape of other 

parts of the proteins, eventually causing a forward 

(or sometimes backward) movement of the motor 

along its track. 

Tiny Tunnels 

While vesicles are ideal for handling large mole-

cules and bulky material, cells have a different way 

to transport smaller molecules, like water and 

charged particles (ions), across membranes. These 

molecules travel through hollow or gated proteins 

that form channels through membranes. 

Lipid Raft 

Cholesterol 

Glycosphingolipids 
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Rough ER 

The endoplasmic reticulum comes in two types: 
Rough ER is covered with ribosomes and prepares 
newly made proteins; smooth ER specializes in 
making lipids and breaking down toxic molecules. 

S
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Rough ER 

Rx: Ribosome Blockers 

All cellular organisms, including bacteria, have ribo-
somes. And all ribosomes are composed of proteins 
and ribosomal RNA. But the precise shapes of these 
biological machines differ in several very specific 
ways between humans and bacteria. That’s a good 
thing for researchers trying to develop bacteria-killing 
medicines called antibiotics because it means that 
scientists may be able to devise therapies that knock 
out bacterial ribosomes (and the bacteria along with 
them) without affecting the human hosts. 

Several antibiotic medicines currently on the 
market work by inhibiting the ribosomes of bacteria 
that cause infections. Because many microorganisms 
have developed resistance to these medicines, we 
urgently need new antibiotics to replace those that 
are no longer effective in fighting disease. 

Using sophisticated imaging techniques like X-ray 
crystallography, researchers have snapped molecular 
pictures of antibiotics in the act of grabbing onto a 

of branched tubules, the smooth ER specializes in 

synthesizing lipids and also contains enzymes that 

break down harmful substances. Most cell types 

have very little smooth ER, but some cells —like 

those in the liver, which are responsible for neu-

tralizing toxins—contain lots of it. 

Next, look out into the cytosol. Do you see 

some free-floating ribosomes? The proteins made 

on those ribosomes stay in the cytosol. In contrast, 

proteins made on the rough ER’s ribosomes end 

up in other organelles or are sent out of the cell 

to function elsewhere in the body. A few examples 

of proteins that leave the cell (called secreted 

proteins) are antibodies, insulin, digestive 

enzymes, and many hormones. 

In a dramatic technical feat, 
scientists obtained the first 
structural snapshot of an entire 
ribosome in 1999. This more recent image 
captures a bacterial ribosome in the act of making 
a protein (the long, straight spiral in the lightest shade 
of blue). It also shows that—unlike typical cellular 
machines, which are clusters of proteins (shown here 
as purple ribbons)—ribosomes are composed 
mostly of RNA (the large, light blue and grey loopy 
ladders). Detailed studies of ribosomal structures 
could lead to improved antibiotic medicines. 

IMAGE COURTESY OF HARRY NOLLER 

bacterial ribosome. Studying these three-dimensional 
images in detail gives scientists new ideas about 
how to custom design molecules that grip bacterial 
ribosomes even more strongly. Such molecules may 
lead to the development of new and more effective 
antibiotic drugs. —Alison Davis 

Smooth ER 
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Rough ER 

The endoplasmic reticulum comes in two types: 
Rough ER is covered with ribosomes and prepares 
newly made proteins; smooth ER specializes in 
making lipids and breaking down toxic molecules. 
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Rough ER 

Rx: Ribosome Blockers 

All cellular organisms, including bacteria, have ribo-
somes. And all ribosomes are composed of proteins 
and ribosomal RNA. But the precise shapes of these 
biological machines differ in several very specific 
ways between humans and bacteria. That’s a good 
thing for researchers trying to develop bacteria-killing 
medicines called antibiotics because it means that 
scientists may be able to devise therapies that knock 
out bacterial ribosomes (and the bacteria along with 
them) without affecting the human hosts. 

Several antibiotic medicines currently on the 
market work by inhibiting the ribosomes of bacteria 
that cause infections. Because many microorganisms 
have developed resistance to these medicines, we 
urgently need new antibiotics to replace those that 
are no longer effective in fighting disease. 

Using sophisticated imaging techniques like X-ray 
crystallography, researchers have snapped molecular 
pictures of antibiotics in the act of grabbing onto a 

of branched tubules, the smooth ER specializes in 

synthesizing lipids and also contains enzymes that 

break down harmful substances. Most cell types 

have very little smooth ER, but some cells —like 

those in the liver, which are responsible for neu-

tralizing toxins—contain lots of it. 

Next, look out into the cytosol. Do you see 

some free-floating ribosomes? The proteins made 

on those ribosomes stay in the cytosol. In contrast, 

proteins made on the rough ER’s ribosomes end 

up in other organelles or are sent out of the cell 

to function elsewhere in the body. A few examples 

of proteins that leave the cell (called secreted 

proteins) are antibodies, insulin, digestive 

enzymes, and many hormones. 

In a dramatic technical feat, 
scientists obtained the first 
structural snapshot of an entire 
ribosome in 1999. This more recent image 
captures a bacterial ribosome in the act of making 
a protein (the long, straight spiral in the lightest shade 
of blue). It also shows that—unlike typical cellular 
machines, which are clusters of proteins (shown here 
as purple ribbons)—ribosomes are composed 
mostly of RNA (the large, light blue and grey loopy 
ladders). Detailed studies of ribosomal structures 
could lead to improved antibiotic medicines. 
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bacterial ribosome. Studying these three-dimensional 
images in detail gives scientists new ideas about 
how to custom design molecules that grip bacterial 
ribosomes even more strongly. Such molecules may 
lead to the development of new and more effective 
antibiotic drugs. —Alison Davis 
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Golgi: Finishing, Packaging,  
and Mailing Centers  

Now, let’s slog through the cytosol 

a bit. Notice that stack of a half 

dozen flattened balloons, each a few 

inches across and about 2 feet long? 

That’s the Golgi complex, also called the 

Golgi apparatus or, simply, the Golgi. Like 

an upscale gift shop that monograms, wraps, 

and mails its merchandise, the Golgi 

receives newly made proteins and lipids 

from the ER, puts the finishing touches 

on them, addresses them, and sends them to 

their final destinations. One of the places these 

molecules can end up is in lysosomes. 
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Golgi 

Lysosomes: Recycling Centers 
and Garbage Trucks 

See that bubble about 10 feet across? That’s 

a lysosome. Let’s go —I think you’ll like this. 

Perhaps even more than other organelles, 

lysosomes can vary widely in size—from 5 inches 

to 30 feet across. 

Go ahead, put your ear next to it. Hear the 

sizzling and gurgling? That’s the sound of power-

ful enzymes and acids chewing to bits anything 

that ends up inside. 

But materials aren’t just melted into oblivion 

in the lysosome. Instead, they are precisely chipped 

into their component parts, almost all of which 

the cell recycles as nutrients or building blocks. 

Lysosomes also act as cellular garbage trucks, 

hauling away unusable waste and dumping it 

outside the cell. From there, the body has various 

ways of getting rid of it. 
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Golgi: Finishing, Packaging,  
and Mailing Centers  

Now, let’s slog through the cytosol 

a bit. Notice that stack of a half 

dozen flattened balloons, each a few 

inches across and about 2 feet long? 

That’s the Golgi complex, also called the 

Golgi apparatus or, simply, the Golgi. Like 

an upscale gift shop that monograms, wraps, 

and mails its merchandise, the Golgi 

receives newly made proteins and lipids 

from the ER, puts the finishing touches 

on them, addresses them, and sends them to 

their final destinations. One of the places these 

molecules can end up is in lysosomes. 
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Lysosomes: Recycling Centers 
and Garbage Trucks 

See that bubble about 10 feet across? That’s 

a lysosome. Let’s go —I think you’ll like this. 

Perhaps even more than other organelles, 

lysosomes can vary widely in size—from 5 inches 

to 30 feet across. 

Go ahead, put your ear next to it. Hear the 

sizzling and gurgling? That’s the sound of power-

ful enzymes and acids chewing to bits anything 

that ends up inside. 

But materials aren’t just melted into oblivion 

in the lysosome. Instead, they are precisely chipped 

into their component parts, almost all of which 

the cell recycles as nutrients or building blocks. 

Lysosomes also act as cellular garbage trucks, 

hauling away unusable waste and dumping it 

outside the cell. From there, the body has various 

ways of getting rid of it. 
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Mitochondria: 
Cellular Power Plants 

Blink. Breathe. Wiggle your toes. These subtle 

movements—as well as the many chemical 

reactions that take place inside organelles— 

require vast amounts of cellular energy. The main 

energy source in your body is a small molecule 

called ATP, for adenosine triphosphate. 

ATP is made in organelles called mitochondria. 

Let’s see if we can find some. They look like blimps 

about as long as pickup trucks but somewhat nar-

rower. Oh, a few of them are over there. As we get 

nearer, you may hear a low whirring or humming 

sound, similar to that made by a power station. 

It’s no coincidence. Just as power plants convert 

energy from fossil fuels or hydroelectric dams into 

electricity, mitochondria convert energy from your 

food into ATP. 

Like all other organelles, mitochondria 

are encased in an outer membrane. But they 

also have an inner membrane. 

Remarkably, this inner membrane is 

four or five times larger than the outer 

membrane. So, to fit inside the organelle, it 

doubles over in many places, extending long, 

fingerlike folds into the center of the organelle. 

These folds serve an important function: They 

dramatically increase the surface area available 

to the cell machinery that makes ATP. In other 

words, they vastly increase the ATP-production 

capacity of mitochondria. 

The mazelike space inside mitochondria 

is filled with a strong brew of hundreds of 

enzymes, DNA (mitochondria are the only 

organelles to have their own genetic material), 

special mitochondrial ribosomes, and other mole-

cules necessary to turn on mitochondrial genes. 
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Cell diameter 

ACTUAL SIZE (AVERAGE) 

30 micrometers* 

PERCEIVED SIZE WHEN 
MAGNIFIED 3 MILLION TIMES 

300 feet 

Nucleus diameter 5 micrometers 50 feet 

Mitochondrion length Typically 1–2 micrometers but can 
be up to 7 micrometers long 

18 feet 

Lysosome diameter 50–3,000 nanometers* 5 inches to 30 feet 

Ribosome diameter 20–30 nanometers 2–3 inches 

Microtubule width 25 nanometers 3 inches 

Intermediate filament width 10 nanometers 1.2 inches 

Actin filament width 5–9 nanometers 0.5–1 inch 

*A micrometer is one millionth (10-6) of a meter. A nanometer is one billionth (10-9) of a meter. 
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! The three fibers of the 
cytoskeleton—microtubules 
in blue, intermediate fila-
ments in red, and actin in 
green—play countless 
roles in the cell. 

Cytoskeleton:  
The Cell’s Skeleton…and More  

Now, about all those pipes, ropes, and rods you’ve 

been bumping into. Together, they are called the 

cytoskeleton —the cell’s skeleton. Like the bony 

skeletons that give us stability, the cytoskeleton 

gives our cells shape, strength, and the ability to 

move, but it does much more than that. 

Think about your own cells for a moment. 

Right now, some of your cells are splitting in half, 

moving, or changing shape. If you are a man, your 

sperm use long tails called flagella to swim. If you 

are a woman, hairlike fibers called cilia sweep 

newly released eggs from your ovaries into your 

uterus. And all that is thanks to the cytoskeleton. 

As you can see, the cytoskeleton is incredibly 

versatile. It is made up of three types of fibers that 

constantly shrink and grow to meet the needs of 

the cell: microtubules, intermediate filaments, 

and actin filaments. Each type of fiber looks, feels, 

and functions differently. 

The 3-inch-wide flexible pipes you just banged 

your head on are called microtubules. Made of the 

strong protein tubulin, microtubules are the heavy 

lifters of the cytoskeleton. They do the tough 
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Golgi Spelunking: Exit Here, There, But Not Anywhere 

Scientists use a variety of techniques to 
study organelles like the endoplasmic 
reticulum and Golgi, gaining ever more 
detailed understanding of these minute but 
very complicated structures. For example, 
Kathryn Howell of the University of Colorado 
School of Medicine in Denver uses a special-
ized high-voltage electron microscope, rapid 
freezing methods, and a computer modeling 
program to obtain a vivid three-dimensional 

view of the Golgi and the pathways that proteins 
use to exit it. 

Howell begins by quick-freezing living cells, 
embedding them in plastic, and slicing the plastic-
coated sample into thin sections. As she tilts the 
microscope stage, she can capture many images 

of the same region of the sample. A computer 
assembles these images to form a three-
dimensional view, called a tomogram, of the 
Golgi and other organelles. Based on the 
tomogram, Howell’s research team can produce 
a movie of a virtual journey through the cell. 
You can see one such movie at http://publications. 
nigms.nih.gov/insidethecell/extras. 

Howell’s research shows that there are several 
pathways for proteins and other molecules to exit 
the Golgi. The findings are revealing, as earlier 
studies using different methods had suggested 
that there was only one road out of this organelle. 
No doubt new chapters to this story will be written 
as biologists and computer scientists create even 
more sophisticated tools for imaging cells. —A.D. 
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In these cells, actin filaments appear light purple, microtubules yellow, and nuclei greenish blue. 
This image, which has been digitally colored, won first place in the 2003 Nikon Small World Competition. 

physical labor of separating duplicate chromo-

somes when cells copy themselves and serve as 

sturdy railway tracks on which countless mole-

cules and materials shuttle to and fro. They also 

hold the ER and Golgi neatly in stacks and form 

the main component of flagella and cilia. 

Grab one of those inch-thick ropes. Yeah, 

you can swing on it —it won’t snap. These strands, 

called intermediate filaments, are unusual because 

they vary greatly according to their location and 

function in the body. For example, some inter-

mediate filaments form tough coverings, such as 

in nails, hair, and the outer layer of skin (not to 

mention animal claws and scales). Others are 

found in nerve cells, muscle cells, the heart, 

and internal organs. In each of these tissues, the 

filaments are made of different proteins. So if 

doctors analyze intermediate filaments in tumors, 

they can determine the origin of —and possible 

treatments for—some kinds of cancer. 

See that bundle of long rods near the edge 

of the cell? You can touch it, but don’t try to bend 

the rods. They shatter easily. These rods, slightly 

thinner than intermediate filaments, are actin 

filaments. They are made up of two chains of 

the protein actin twisted together. Although actin 

filaments are the most brittle of the cytoskeletal 

fibers, they are also the most versatile in terms 

of the shapes they can take. They can gather 

together into bundles, weblike networks, or even 

three-dimensional gels. They shorten or lengthen 

to allow cells to move and change shape. Together 

with a protein partner called myosin, actin fila-

ments make possible the muscle contractions 

necessary for everything from your action on a 

sports field to the automatic beating of your heart. 
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An Owner’s Guide to the Cell  

wasn’t too alarming. You have shrunk Welcome! I hope the transformation 

down to about 3 millionths of your normal size. 

You are now about 0.5 micrometers tall 

(a micrometer is 1/1000 of a millimeter). But 

don’t worry, you’ll return to your normal size 

before you finish this chapter. 

At this scale, a medium-sized human cell 

looks as long, high, and wide as a football field. 

But from where we are, you can’t see nearly that 

far. Clogging your view is a rich stew of mole-

cules, fibers, and various cell structures called 

organelles. Like the internal organs in your 

body, organelles in the cell each have a unique 

biological role to play. 

Now that your eyes have adjusted to the 

darkness, let’s explore, first-hand and up close, 

the amazing world inside a cell. 

Nucleus 

Rough ER Smooth ER 

Lysosomes 

Golgi 

Mitochondria 

A typical animal cell, sliced open to reveal cross-sections of organelles. 
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https://www.nikonsmallworld.com

3D rendering of the endoplasmic 
reticulum in a tissue culture cell

(Andrew Moore, Nikon Small World 2022 Photomicrography Competition)

https://www.nikonsmallworld.com/galleries/2022-photomicrography-
competition/3d-rendering-of-the-endoplasmic-reticulum-in-a-tissue-culture-cell

https://www.nikonsmallworld.com/
https://www.nikonsmallworld.com/galleries/2022-photomicrography-competition/3d-rendering-of-the-endoplasmic-reticulum-in-a-tissue-culture-cell
https://www.nikonsmallworld.com/galleries/2022-photomicrography-competition/3d-rendering-of-the-endoplasmic-reticulum-in-a-tissue-culture-cell
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Mitochondria: 
Cellular Power Plants 

Blink. Breathe. Wiggle your toes. These subtle 

movements—as well as the many chemical 

reactions that take place inside organelles— 

require vast amounts of cellular energy. The main 

energy source in your body is a small molecule 

called ATP, for adenosine triphosphate. 

ATP is made in organelles called mitochondria. 

Let’s see if we can find some. They look like blimps 

about as long as pickup trucks but somewhat nar-

rower. Oh, a few of them are over there. As we get 

nearer, you may hear a low whirring or humming 

sound, similar to that made by a power station. 

It’s no coincidence. Just as power plants convert 

energy from fossil fuels or hydroelectric dams into 

electricity, mitochondria convert energy from your 

food into ATP. 

Like all other organelles, mitochondria 

are encased in an outer membrane. But they 

also have an inner membrane. 

Remarkably, this inner membrane is 

four or five times larger than the outer 

membrane. So, to fit inside the organelle, it 

doubles over in many places, extending long, 

fingerlike folds into the center of the organelle. 

These folds serve an important function: They 

dramatically increase the surface area available 

to the cell machinery that makes ATP. In other 

words, they vastly increase the ATP-production 

capacity of mitochondria. 

The mazelike space inside mitochondria 

is filled with a strong brew of hundreds of 

enzymes, DNA (mitochondria are the only 

organelles to have their own genetic material), 

special mitochondrial ribosomes, and other mole-

cules necessary to turn on mitochondrial genes. 
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Cell diameter 

ACTUAL SIZE (AVERAGE) 

30 micrometers* 

PERCEIVED SIZE WHEN 
MAGNIFIED 3 MILLION TIMES 

300 feet 

Nucleus diameter 5 micrometers 50 feet 

Mitochondrion length Typically 1–2 micrometers but can 
be up to 7 micrometers long 

18 feet 

Lysosome diameter 50–3,000 nanometers* 5 inches to 30 feet 

Ribosome diameter 20–30 nanometers 2–3 inches 

Microtubule width 25 nanometers 3 inches 

Intermediate filament width 10 nanometers 1.2 inches 

Actin filament width 5–9 nanometers 0.5–1 inch 

*A micrometer is one millionth (10-6) of a meter. A nanometer is one billionth (10-9) of a meter. 
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Length scales in the microscopic world of cells (1)

• 0.1 nm (nanometer) diameter of a hydrogen atom
• 0.8 nm Amino Acid
• 2 nm Diameter of a DNA helix
• 4 nm Globular Protein
• 6 nm microfilaments
• 7 nm thickness cell membranes
• 20 nm Ribosome
• 25 nm Microtubule
• 30 nm Small virus (Picornaviruses)
• 30 nm Rhinoviruses
• 50 nm Nuclear pore
• 100 nm HIV
• 120 nm Large virus (Orthomyxoviruses, includes influenza virus)
• 150-250 nm Very large virus (Rhabdoviruses, Paramyxoviruses)
• 150-250 nm small bacteria such as Mycoplasma



!"#$%"#&'()#**(&+ ,$"(#-(#)#./ 1A
� � � � � � �� 	 
 � � � � � � � � 
 � � � � � � � � � � � � � � 	 � 	 
 � � � � � � � � � � � � �
�� ���� �� � � � �� � � � � � 
 � � � � � 	 � 
 	 � � 	 � � � � � � � � � � � � � � � � � � � � �
� � � �� � � � � � � � � � � � � �� � 
 � � � � � � � � 
 �  � � 	 � � ! � � � � � 
 � � 	 
 � � 	 �

� � " � � �� � � � �
 �� � � � � � � � � 	 
 � � 	 � 
 � � � � � 	 � � � � � � � � � � 	 
 � � � � � � � � �
� 	 
 �
 � � 	 � # � � �	 � � 
 � � � � � � � � � � � � � � � � � � 	 
 � � � � � � � � 
 � � � � � � � � 
 	 � 
 �
� � $% & � � � � �� � �
 � � � � 
 	 � � � 	 � 
 # � � � � � � 
 � � � � 
 � � � � � 
 � � � � � � � 	 � � � �
� � � �� � � � � � � � '� � � � # � � � � � � ( � � � 	 � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � )
� � � �� � �
 �� � � 	 � � � � � � � � 
 $ % & � 
 	 � � � 
 � � � � � � � 	 � � � � � � � � � � * � � 
 � � � �
� � � � � � �� � 	 � )� 
 � �� � � � � � � � � � � � 
 $% & � � 
 � � � � � � � � � � 
 � � 	 � 	 � � � � �
� � � � 
 � � � 	 � �� � 
 � � � � � � � � �� � � # � � � � �� �

� � � � � � � �
�� � � � � � 	 
 � 	 � � 
 	 � � 
 � � � � � � � � 
 �

* � 
 � � � � 
 � � � � 
 	 � � � � � � � � � � � � 	 " � � � � � � �
� � � � 
 � � 
 � � � � � 
 � � � � 
 � � � � � � � � 
 � � � 
 �
� � � � � � � � � � 
 � � � � 
 � 	 � 
 � � � � � � � � � � � � �

 � � � � � � � + , � � ) 	 � 
 	 � 	 � $ 	 � 	 ) 
 � � � � 	 �
� - $ . / 	 � � 
 	 � � 
 # � � - � � � � � � 	 
 � � � � � � # � �
* � � � 	 � & � 0� � � � ( � 1	 � � 2 � � " � 
 � � � # � � 	 � 

& 
 	 3� 1� � 	 � � � ' � � ( � 	 � � � � � � � � � � � � �
0� � � � � � � � * � � 
 � � � � � � � � � � � � � � � � 
 � � 
 � �
� � � � � � � � 
 � � � � � � � � � � � � � � � � 
 � � � � 
 � �
� � � � � � � � � � � 	 � 
 � � � � � 	 � � � � � 	 
 � � 	 
 �
	 � � � � � � 
 � 
 � � 
 � � � � 
 	 � � � � � � � # � � � � 	
� � � � 
 	 � 0� � � � � � 	 � � � � � � � � 
 � � � 	 � 4 56

 � � � � � � � � � 
 � � � � 
 � � � � � � � � � � � � � � 76 0�
8 6 0 � � � � � � � � 	 � 
 � � � � � � � � 9 6 0 
 � � � �
� � � � � � 	 " � � � � � � � � � 
 � � � � � 
 � # � � � � �
% � � � � � � � � � � � � � � � * � � � � 
 � � � � 
 � � � � � � �
� � � : � 
 � � � � 	 � 
 � � � � � � � 	 � � � � � � � � � � �
� $ % & � � � $ % & � � � � � � � 	 � � � � � 	 � � � 
 � � 	 � 


 � � � 	 � � � 	 � � � 
 � � � 
 � " � 
 � 	 � 	 � � � � � 
 � � 
 � 
 �
� � 	 � 
 � � � � � � � � � 
 � � � � � � � � � 
 ) � 	 � 

	 
 � � � � � � � � � � � � � � 
 
 
 � � 
 � " � � � � � � � � �

$

� � � � � � � � � 	 
 
 � � 	 � � � 	 � 
 � 	 � � � � � � � � � � 
 � � 	 � � � 	 � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � �  ! � � " # � � � � �
� � � $ � � �  � � % � � & ' % � � � � � � � � � � ( � ) � � � � � &�   *  ! + � � � ' � &� (
+ � � � ' � &� � � � &� * � &� � � &� � � � � � � � � � � � �  ! � � * � !  � � � � � � � � $ � � �  " " " ,% - . , � � / � � !  0 � &� . , � �

� � 	 � � � 
 � � � � � � � � � � � �  � � � � � � � � � � 	 
 � � � � � 
 � � � 	 � � 
 � � ! ! ! " # $ � " � � � �



!"#$%"#&'()#**(&+ ,$"(#-(#)#./ 10

� � � � � � � 	 
 � � 
 � 


� � � � � � � 	 
 � � � � 	 � � 
 � � 
 � � �

 � � 
 � � � � � 	 � � � 	 
 � � � �
� � � � � � � � � � � � 	 � � � � 
 � � � � � �
� � 
 � � � � � 	 � � � � 	 
 � � � � � � � 
 � �

 � � � � � 	 � � � � � � 	 � �

� � � 
 � � � 	 
 � � 
 � 


� � � � � � � � � 	 
 � � � � � � �
� 
 � � � � � � � � � � � � 
 � � � �
� 
 
 � � � � � � � � � � � � � � � 	 � � � �
� 	 
 � � � � � � � � � � � � � �
� � � � � � � � � � � � � 	 � �

� � 	 � � � � � � 	 
 � � 
 � 

� � � � 
 � � � � �

� � 	 
 � � � � 
 � � � �
� � � 
 � � � � � � � � � � � 	 �
� 
 	 	 
 
 � � � � � � � � � � �
� 	 � � � � � � � � � � � 
 � � �
� � � � 
 � 	 
 � � � � � � � � �
� � �  
 
 � � � � � � � 
 � � � � � � �

� � � � � � � � � � 	 
 � � 
 � 


� � � � � � � 	 
 � � � � 	 � � 
 � �
� 
 � � � 
 � � � � � � � � � � 	 � � �
� 	 
 � � � � � � � � � � 
 	  � 
 � � � � � 	
� 
 � 	 
 � � � � � � � � � � 
 � � �
� � � � � � � 
 � � � � � � � � � � � ! � � �
� � � � 
 � � � � � � � � � � � � � � � �

� 
 � � 
 � � � � � � � � � 


" 
 � � � � 	 
 � � � � 	 � � 
 � � � � � � � � 	 � � � � � � � � � # � � � 
 � � � � � 
 � � � � 	 � � 	 �
� � � � 	 � � � � � � � � 	 
 $ � � � � � � � % & & � & & & $ � � � � � ' � � � � 
 � � 	 � � � � � � � 	 
 �
� � � � � � � � ( & � � � 
 � � � � 	 � � 
 
 � � 	 ) & & � � � 
 � � � � 	 � � � � � � � � � � 	
* + � � � 
 � � � � 	 , + � � � � � 
 � � � 
 � � � � � � 	 - �

� � � � � � � � 	 � � 	 
 � � 


. � � � 
 � � 	 
 � � � 
 � � 
 �
� � � � � 
 � � � 
 � � � �
� 
 � � 
 � � 
 � � �
� � � � � � � 	 
 �

 � 
 � � 	 
 � � 


/ 
 
 � � � � � 
 
 � � � � � � � � � � �
� � � 	 � 
 
 � � 	 
 � � � � � � � �
� � 
 � � � � � � � � � � � 	 � � �
� � � � � � 	 � � � � � � � � � 
 �  �
� � � � � � � � � 


! � � � � � � � � � � � � 
 
 � � 
 �

� � � � � � � � � 
 � � � � � 	 � � � � �
� � � � � � � � � � � 	 � � � � � � � �
� � � � � � � 
 � � � � � � � �
� � � � � � � � � �

! � � 
 � � � 
 
 � � � � � �

. � � � � 	 � � 
 � � " � � � � � ' 	 � �
� � 	 
 � � 
 � � � � � � 
 � � 	 � � � � � � � �
� � � � � � � � � + % � � � � � � 
 	 � � � � � � � 

� � � � � � � � � � � � � � � � 
 	 � � � � � 
 	
� � � 	 � � � � � � � 	 � � � � � � � � 	 � � � � �
� � � � � 	 
 � � � � � � � � � � � � � � � �
� � � � � � � � � �

" � # � � � � � � 
 � 
 � 	 
 � � 


$ 
 � 
 	 
 � � 


% � � � � � 
 � � � � � � " &

'()
��

� � � � � 
 � � � �  � 	 
 
 � � ' � 
 	 �
� � � � � � � � � � � 	 
 � � 
 � � 
 � � � �

� � 	 � � � � � � 	 
 � � � � " � � � � � 	 
 �
� � � � � � � �  � � � 
 � 
 � �

� 
 	 � � 
 � � � � 
 � 
 � � � �
� � � � � � � �

� � � � � 
 � � � � $ � � 	 
 � � � ! � � � �
� � � 0 1 2 � � � 
 � � � � � 


� � � � � 	 � � � � 	 
 
 � � � � � � 
 � �
� 
 � � � � � � � � 
 � � 
 � �

� � � � � � � �
� � � � � � � �

(*+&
��

� � � � � � � � � � � � � � � � ,

� � � + � � 
 # + � � �

0 � � � 
 � � � � � 	 � � 	 
 �

 � 
 � � � � � � 
 � � � � 
 � � �  �
� � � � � 
 � � � � 
 � � � �
� � � � � � � 
 � � � � � �
� � � � � � � � � 
 � � � � � � � �
� � � � � � � � � 	

� 
 � � 

� 
 - � 


� 
 � � 

� � � � � 


� � 	 � � � �  
 
  � � � � ! ! �  " # $ % 	 � � 
 
 � & 
 % &  � � &  " ' " � ( � � 	 � � � � ) % $ 
 � "
� � ! ! � " * 
 
 � � � ! ! � " 
 
 � + 	 % � � � � , - % & � � � 	 � � � �  	 � � � 	 ' � � & + ! � ) � � � 

 � 
 
 � + 	 % 
 � � " �  + � � # � 
 
  
 � � 	 	 % � " #  � 
 % 	 
 � 
 	  " # % $ . / 0 % 	
� / 0, � % 	 � � % & + ! � 1 � � 	 � � � � � " � � � 
 
 
 � � � ! ! ( � 
 
  � � 	  ! * � " % & �
�  +  � ! � % $ � " � % # � " * + 	 % 
 � � " � 
 % 2* 
 
 
 
 � � � ! ! 3� # � $ � " � � � ,

� � � + � � � � � � # � � . + � � �

!"#!$%&'$()*+,-&./+(01+23+45,36/67



Edoardo Milotti - Radiobiology 33

The 5th generation of Intel Core processors contains about 1.3 billion transistors, which 
measure 14 nm – smaller than most viruses. However, viruses are considerably more 
complex than a single transistor.
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Length scales in the microscopic world of cells (2)

• 200 nm Centriole
• 200 nm (200 to 500 nm) Lysosomes
• 200 nm (200 to 500 nm) Peroxisomes
• 800 nm giant virus Mimivirus
• (1 - 10 µm) the general sizes for Prokaryotes
• 1 µm Diameter of human nerve cell
• 2 µm E.coli - a bacterium
• 3 µm Mitochondrion
• 5 µm length of chloroplast
• 6 µm (3 - 10 micrometers) the Nucleus
• 9 µm Human red blood cell
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A pictorial representation of E. coli
(D. Goodsell)
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https://en.wikipedia.org/wiki/Mitochondrion
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Exercise: how many cells in the human body? 

Known facts: 

• diameter of one human cell, about 20 µm

• density of cells ≈ density of water
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Exercise: how many cells in the human body? 

Known facts: 

• diameter of one human cell, about 20 µm

• density of cells ≈ density of water

Volume of one cell:

Mass of one cell:  

Number of cells in a 60 kg individual:   

4⇡

3
R3 ⇡ 4⇥ 10�15m3

⇡ 4⇥ 10�15m3 ⇥ 103kg/m3 = 4⇥ 10�12kg

60kg

4⇥ 10�12kg
= 1.5⇥ 1013
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Length scales in the microscopic world of cells (3)

• 10 µm
• (10 - 30 µm) Most Eukaryotic animal cells
• (10 - 100 µm) Most Eukaryotic plant cells
• 90 µm small Amoeba
• 100 µm Human Egg (oocyte)
• up to 160 µm Megakaryocyte
• up to 500 µm  giant bacterium Thiomargarita
• up to 800 µm  large Amoeba
• 1 mm (1 millimeter, 1/10th cm)
• 1 mm Diameter of the squid giant nerve cell
• up to 40mm Diameter of giant amoeba Gromia Sphaerica
• 120 mm Diameter of an ostrich egg (a dinosaur egg was much larger)
• 2 meters Total length of DNA in a human cell
• 3 meters Length of a nerve cell of giraffe's neck

(adapted from http://en.wikibooks.org/wiki/Cell_Biology/Introduction/Cell_size)
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Exercise: how many meters of DNA in the human body?  
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Exercise: how many meters of DNA in the human body?  

2m⇥
�
1.5⇥ 1013

�
= 3⇥ 1013m

⇡ 200 A.U.

1 A.U. ⇡ 1.5⇥ 1011mOne Astronomical Unit is the average Earth-Sun distance: 
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https://en.wikipedia.org/wiki/Gromia_sphaerica
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Dividing HeLa cells. Coloured scanning electron micrograph (SEM) of HeLa cells undergoing 
cytokinesis (cell division). Cytokinesis occurs after nuclear division (mitosis), which produces 
two daughter nuclei. The two daughter cells are still connected by a midbody, a transient 
structure formed from microtubules. HeLa cells are a continuously cultured cell line of human 
cancer cells, which are immortal and so thrive in the laboratory. They are widely used in 
biological and medical research. These cells have a diameter of about 15 µm.

From: http://www.sciencephoto.com/media/137829/view#
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