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BACKGROUND

Thisisalab-tutorial designed to introducesecond-year cell biology studentsto the principlesof
imageformationin electron microscopy. Studentshavealready completeda unit on light
microscopy that included a theoretical consideration of resolutionand the factors governing the
limit of resolution.

In both the light microscopy and the electron microscopy tutorials the emphasisison the
interpretationof micrographs. Thefact that theimage seen isa product of the image-forming
systemisstressed. Many differentlight microscopeimagesof the same specimen are considered
... phase contrast, Nomarski interference, fluorescent as well as bright field. In thistutorial, we
will consider scanning electron microscopy as well as transmission electron microscopy. We will
also consider the effectsof different specimen preparation techniques... negative staining, metal
shadowing, etc.

The goal isfor the student to look at a micrograph and recognizewhat techniquewas used and
what the advantagesand limitationsof that techniqueare. Thiscritica ability will be valuableeven
in reading their textbook; definitely if they gofurtherinto theliterature. For thefuturecell
biol ogiﬁt, thisisthe beginningof a basic vocabulary of toolsthat will be availablefor their
research.

Thetutoria beginswith the electron microscope section of the Nature of Things program
"Microscope: Makingit Big", which givesa historical perspective as well asimagesof specimen
preparation. An introductory lecturefollowswhich includesaconsideration of why electronsare
used, the basic principlesof microscope construction, specimen preparation and acomparison of
SEM, TEM and STEM.

Thefollowing pages are excerpted from the Biology 200 |ab manua and form the core of
material for thisintroductory talk.

INTRODUCTION
Why the Electron Microscope?

From last Unit it was shown that the resolution of a microscope dependson 2 factors:
wavelength of theilluminationsource ( A ) and the numerical apertureof the lens(N.A.):

limit of resolution=0.61 A
N.A.

The maximum valueof N.A. for light microscopeis approx. 1.4; it isobvious, therefore, that
even the short bluelight ( A =436 nm) of the visible spectrum will yield aresolutionof only 190
nm. The electron microscope, however, utilizeselectronsfor illumination. Electrons have the
characteristicsof both particlesand waves. The wavelength of an electron beam is about 100,000
timeslessthan that of visiblelight and hence the resolution of an electron microscopeis far
superior to that of thelight microscope.
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THE TRANSMISSION ELECTRON MICROSCOPE

Condrudtion of the Micrascope:

We storean old, non-functioning Hitachi TEM in our lab. It isused as acomparison with a
light microscope. Similaritiesin the construction of the two microscopes are pointed out starting
with the filament as a source of electronsor light, that isfocussad onto the specimen by condenser
lenses. Theillumination penetratesthe specimen and objective lenses magnify theimage.
Projector or ocular lenses produce the image on the fluorescent Srem or in theeye. Each of the
componentsisdiscussed in turn.

The llluminaion Source

The lllumination Source or "Electron Gun": TheElectron beam is generated by the electron gun
located at the top portion of the microscope column. The gun consistsof a'V-shgped tungsten
filament surrounded by a cathode shield with acircular holein the center, During operation, a high
voltageis gpplied between the filament (-) and the anode (+), while an eectriccurrent isregulated
through the filament causing it to emit electrons. Thesedectrons areattracted by the+ anode but
areforced through the hole of the cathode shield. The negativecharge around the hole forces
electronsfrom the filament into a very narrow beam.

Theeectron beam, as seen below, is accdlerated through a potentid differenceat voltage
between the filament and the anode. The greater the voltage (V), the higher is the speed of the
electronsand the shorter the wavelength ( 1), as shown in thisformula

A = Y L5 (nanometer)
Vv
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W. h of the Electron B

In amicroscope using aroutinevoltageof 50 KV, the wavelength will be approximately
0.0054 nm. (1/100,000 wavdength of visiblelight). Thisvaue when applied to the resolution
formulawill yield aresolution limit about .84 nm or 84 Angstroms.

The Electron L enses

The el ectron beam from the el ectron gun can be focussed and defocussed by a seriesof eectro-
magneticlenses. Similar to thelight microscope, the " Condenser Lenses' concentratethe beam
onto the specimen. Electrons passing through the specimen will be focussed by the"Objective’ &
"Intermediate’ lensestoform an intermediateimage. The "Projector lens' enlargesthisimageinto
afina imageon thefluorescent viewing screen at the bottom df the microscope column.

Eachlensis bascdly acircular eectro-magnet. A variabledectric current through the lens will
pgoducF]amagneticfield of variable strengthswhich will deflect or bend the electron beam passing
through.

The Vacuum System

It isimportant to remember that the e ectron beam must be generated in and traverse through the
micrascopecolumn under a high vacuum condition. The presenceof air moleculeswill resultin
thecollison and scattering of the eectronsfrom their path. In the ectron microscopethe vacuum
ismaintained by aseriesd highly efficient vacuum pumps

* THE VACUUM FACTOR: Biological materia must be properly fixed and preserved.
ImeceFomeionin the TEVI

The bassof imageformationin the TEM is the scattering of € ectrons caused by collisons
between the beam el ectronsand the atoms of the specimen. The scattering resultsin a shadow on
the viewing screen or photographicfilm.

Materid with high atomic numbers (large number of dectronsaround the proton) will cause
more scattering and produce adeep shadow. Such materia is termed "electron dense’ and has
high imagecontrast. Biologica materid haslow eectron density and is known generdly as
"dectron trangparent”. Hence, an inherent low contrast imageis formed.

* BIOLOGICAL MATERIAL mug, therefore, be STAINED with heavy metal sdts. It mugt
aso be SLICED into very thin sections because dectrons have very low penetrating
power.
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PREPARATION OF BIOLOGICAL MATERIAL FOR THETEM

As mentioned before, biological tissues must be fixed and well preserved. It isnecessary aso
to dicethem into ultrathin sectionswhich arethen stained Thefollowing isaconventiona
method for the processing of tissues & cellsfor the TEM. |t isknown as"The Thin Sectioning
Method".

Thin Sectioning Method

1 Fixation- Materid iskilled and preserved aslife-like as possble with achemical fixativesuch
as glutaral dehyde and osmium tetroxide.

2. Dehydration- Water in the tissuesisremoved by graded acohol or acetone solutions to dlow
the penetration of a supporting medium which is not misciblewith tissue weter.

3. Embedding - The materia isembedded in a supporting medium, usudly an epoxy plastic resin
which when polymerized, facilitatesthin sectioning.

4. Ultramicrotomy - The block of plagtic containing the materid issectioned into very thin dices
of 50-100 Angstroms thick.

5. Staining of thesection - Sections thus obtained are first mounted onto copper grids and then
stainedin high eectron density meta saltssuch aslead or uranium satsto increase theimage
contragt.

6. Viewmingand recording of theimages - The copper grids containing stained sectionsare viewed
in the TEM. Theimagesare recorded on photographicfilmsand then reproduced.

THE SCANNING ELECTRON MICROSCOPE

In this section we will discussthe SEM and how it differsfrom the TEM.

Congdructionof theSEM

The upper portion of the SEM (eectron gun and condenser lenses) is Smilar to thet of the TEM.
Asin the TEM, the SEM condenser lensesfocusthe el ectron beam onto asmall spot on the
specimen surface.

Imageformationin the SEM isdifferentfrom the TEM in that the SEM imageis aresult of
secondary e ectronsemitted from the spot on the specimen where the primary beam from the
condenser strikes the specimen'ssurface. Theevent isillustrated.

After theimpingement of the primary eectrons on the specimens, secondary electrons as well
asother formsaf radiation areemitted. But only the secondary eectronswill be collected by the
sgnal detector. In the detector these dectrons strike a scintillator and the light produced is
converted to dectric Sgnas by a photomultiplier a thefar end of the detector. The electric Sgnd
is then amplified and displayed on the cathoderay tube (CRT).

In the SEM the électron beam israpidly scanned back and forthin an orderly pattern acrossthe
gpecimen surface. What you see then isacompositeof many individua image spotssimilar to the
imeggeformed on the TV screen. The SEM has a specimen stage that alows the specimen to move
fredy so that the surfaceof the specimen can be viewed from all angles.
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Some features of the SEM

Magnificationis determined by theratio of the viewing screen/scanarea d the specimen.
Magnificationrange isfrom 20x to 100,000x. Magnification can be changed by changing the

scanning area.

Resolution of the SEM isequd approximately to the spot Sze of the primary dectron beam; a
present it lies between 4 to 20 nm.

Depth d focusisgreat when compared with the light microscope. The reason isthat the
SECO electron beem emitted isin relaion to the angle of the specimen surfaceor the

topography of the specimen.
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SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM)

Thisisarecent technologica advancein thefield of Electron Microscopy. The beam of
electrons scans the specimen, asit doesin scanning electron microscopy. However, itisthe
transmitted el ectronsthat are collected and amplified and form an image on acathoderay tube. The
small spot sizeof the beam allowsdifferent areasof the specimen to be discriminated and analyzed.
A mgjor useof STEM isin X-ray analysiswhich allows the elemental composition of the specimen
to be mapped.

ACTIVITIES

Following thisintroductory talk, toursof the EM facility begin. Studentsvisit thisfacility in
groupsof 7-8. Other studentsare | eft with activitiesin thelab.

The most difficult processfor second-year studentsis visualizing a three-dimensional object
from a two-dimensiona micrograph. Understandingthe planeof section of aTEM micrograph
requirespractice. We provide postersaswell asfruit and knivesand stamp pads. Students are
challenged to produceas many different images as possible by slicing thefruit (apple, pear, etc.) in
different ways, inking the section and printing it.

In order for studentsto understand the importanceof specimen preparation to TEM, a
demonstrationisset up. Each step in the process hasan actual object accompanyingit. Fixation
and dehydration have specimensinvials. Studentscan handlethe epon blocks with embedded
specimens. Trimmed and untrimmed blocksare shown. Microtomesand glassknivesare
availablefor the sectioning demo. Grids arefloatedon stain. Finally, EM negativesare shown.

The heart of thisdemonstrationtutorial isin bookletsof micrographswith accompanyinglight
microscope dides. The bookletsare organized asareview of prokaryoticvs. eukaryotic
organisms, aswell as plant vs. animal cells. There are both SEM and TEM micrographs of each
organism, as well aslight microscopedides. Organismsinclude gram negativeand gram positive
bacteria, blue-greenagae, euglenoids, rat liver, higher plant cells and yeast.

In summary, thisisademonstration tutorial designed for second year cell biology students. It
hasfour components:

1. Introductory talk

Principlesof el ectron microscopy

TEM, SEM, STEM

Specimen preparation - including TEM specimen preparation
demonstration

2. Light microscope exercise

Studentsare given foldersthat contain SEM and TEM viewsof prokaryoticand eukaryotic
cells. These accompany light microscopeslidesof the same organisms.

3. Toursof the EM facility

Small groupsof studentsare given demonstrationsof SEM, TEM, STEM and image
enhancement.

4. Planes of section-fruit printing

Additional referencematerial and postersare available.
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