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Abstract

In this article we review the application and procedures involved in scanning electron micro-
scope (SEM) to observe biological and live tissues through using SEM at high resolution. We
discuss practical methods for optimizing tissue preservation to achieve the two principal goals
of biological specimen preparation: (a) preserving biological structures as close to their living
configuration as possible, and (b) rendering them visible with the desired imaging method. We
also review and discuss the relative merits of different fixing (chemical fixation and cryofixa-
tion), drying (air-drying, critical point-drying, freeze-drying and chemical-drying) and coating
procedures of biological specimens with metals to facilitate visualization in the SEM. [GMJ.

2014;3(2):63-80]
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Introduction

oday, the Scanning Electron Microscope

(hereinafter abbreviated to SEM) is uti-
lized not only in materials, chemical and
physic sciences, but also in diverse fields such
as medical sciences and biology. The high
spatial resolution of an SEM makes it one of
the most versatile and powerful instruments

available for the examination, analysis a wide
range of the microstructural characteristics
of specimens at the nanometer to microme-
ter length scale. SEM uses a focused electron
probe to extract structural and chemical infor-
mation point-by-point from a region of inter-
est in the sample.

Biological materials are living tissues, and
they are composed primarily of light elements
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closed to 99% of chemical composition Z=1-
20 and include the major elements (H, C, N,
0O) and minor elements (Na, Mg, Si, P, S., Cl,
K, and Ca). The remaining 1% is made up
primarily of Z=24-30 and includes the trace
elements Cr, Co, Cu, Fe, Mn, Zn, and I, which
are important in various metalloenzymes and
coenzymes [1]. Water is an essential compo-
nent of living biological samples, together
with complex organic macromolecules such
as proteins, lipids and carbohydrates. The var-
ious elements that make up the cell are: 59%
Hydrogen (H), 24% Oxygen (O), 11% Carbon
(C), 4% Nitrogen (N), 2% Others - Phospho-
rus (P), Sulfur (S) and etc. Table 1 shows a
list of elements, symbols, atomic weights and
their biological roles in body [2].

One of the most challenges in interpreting
SEM images of biological specimens is to be
able to distinguish between those features that
reflect the native structure and those that are
artificially created during processing. Other-
wise, even the most sophisticated and high
resolution methods may yield meaningless
images. Such artificially induced structures
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are referred to as artifacts. The problem of
distinguishing real structures from artifacts
is compounded by the fact that most micro-
scopic methods from images not of biological
structures directly, but stains, dyes, or coat-
ings that are added to the specimen to render
the parts of interest visible, but which them-
selves are artifacts [4].

Besides providing useful information, the
electron beam used in an SEM can cause tem-
porary or permanent change in the surface or
bulk structure of a specimen. One way of cat-
egorizing this damage is in terms of the type
of electron scattering that gives rise to it (Fig-
ure. 1) [5]. Biological materials are poor or
non-conductors of thermal and electrical and
very susceptible to radiation damage.

To observe the microstructure of living tissues
under SEM, some considerations are required.
Conventional SEM’s operate at very high
vacuums to avoid gas molecules interfering
with both the primary electron beam and the
secondary or backscattered electrons emitted
from the sample. This means that everything
going into the SEM must be completely dry

Table 1. Essential Elements for Construction of Diifrent Biological Systems in Body [3].

Atomic Percentage in
Element Symbol Biological Role
Weight (Z) Body
Respiration; part of water; and in nearly all organic
Oxygen (0] 16.0 65
molecules
Carbon C 12.0 18.5 Constituent (backbone) of organic molecules
Hydrogen H 1.0 9.5 Part of water and all organic molecules
Nitrogen N 14.0 32 Constituent of all proteins and nucleic acids.
Calcium Ca 40.1 1.5 Bone; muscle contraction, second messenger
Constituent of DNA and RNA backbones; high energy
Phosphorus P 31.0 1 .
bond in ATP
Potassium K 39.1 0.4 Generation of nerve impulses
Constituent of most proteins. Important in protein
Sulfur S 32.1 0.3
structure: Sulfide bonds are strong
Sodium Na 23.0 0.2 Part of Salt; nerve conduction
Chlorine Cl 35.5 0.2 Digestion and photosynthesis
Iron Fe 55.8 Trace” Essential component of hemoglobin in the blood
Copper Cu 63.5 Trace Part of Oxygen—carrying pigment of mollusk blood
Zinc Zn 65.4 Trace Essential to alcohol oxidizing enzyme
lodine I 126.9 Trace Part of thyroxin (a hormone)

* Less than 0.1 %
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and free of any organic contaminants that may
potentially outgas in a high vacuum environ-
ment. This poses a problem when dealing
with biological specimens which are largely
composed of water, necessitating additional
preparatory steps to ensure the native struc-
ture of the organism is retained. The steps
necessary depend on sample type and the pur-
pose of the study. Some types of biological
tissues or specimens will require less stringent
processing to preserve their structure. Other
more delicate types of samples will take time
and care to prepare to avoid the introduction
of drying artifacts, such as shrinkage and col-
lapse.

The results of morphometric studies on tissue
sections may be markedly influenced by spec-
imen preparation procedures, such as fixation,
dehydration, embedding, and, indeed, by the
type of tissue [6, 7]. Many biological sam-
ples are commonly prepared through fixation
and dehydration and coated after drying with
metal such as gold, platinum or palladium to
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make their surfaces electrically conductive for
SEM analysis. Diagram 1 and Figure 3 outline
the major steps involved in preparing whole
biological samples for SEM observation re-
spectively. The nature and combination of
steps used will vary depending on the nature
of the sample, the type of microscopic meth-
od, and the specific scientific goals. For other
reviews of the various procedures for pre-
paring biological specimens for SEM, please
consult references [8-10]. Briefly, each level
described here:

1.1.Sample collection

The sample collection from tissues is effective
on final results. It is important to try to collect
a representative sample from living tissues.
In biological sample collection, dissecting of
tissues must be done carefully. For example,
at the time of dissection of a small piece of
tissues for diagnostic aim the surgeon must be
careful in grasping and dissection.
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Figure 1. Classification of Radiation Damage According to the Type of Electron. Reprinted with Permission

from Reference: [5].
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1.2.Fixation

The first and most important step after sample
selection for the study of living tissues is their
rapid and suitable fixation method. Before
cellular decomposition begins immediately
after the death of an organism, the assistant
must fix the cells to prevent alterations in their
structure through decomposition. Routine fix-
ation involves the chemical cross-linking of
proteins (to prevent enzyme action and di-
gestion) and the removal of water to further
denature the proteins of the cell. A fixation
composition stops cellular processes and aim
to preserve the specimen as close as possible
to its natural state. Characteristics of a good
fixative are: permeates cells readily and acts
quickly, are irreversible and does not cause
fixation artifacts.

1.2.1.Traditional chemical fixation

Before beginning this part, author want to rec-
ommend two texts by Hayat [11, 12] which
are invaluable sources that contain infor-
mation concerning all aspects of biological
specimens preparation in much greater depth
than can provided in this article. The text by
Glauert and Lewis [13] also gives in-depth
attention to all aspects of fixation and embed-
ment of biological samples. In this part, the
techniques will be discussed primarily in re-
gard to preparing specimens for SEM as well.
The primary goal of fixation is to stabilize the
structure of the sample so that it can withstand
both subsequent processing steps and exam-
ination under the SEM. Fixation methods can
be divided into two basic types: chemical and
physical (Table 2). Chemical fixation is more
commonly used, but the use of physical meth-
ods, primarily freezing, has been growing [4].

1.2.2.Chemical fixation

In discussing the effects of chemical fixatives
on samples, several factors need to be con-
sidered. These include the nature of fixative
itself, the composition of the vehicle in which
the fixative is dissolved, and the physical con-
ditions under fixation is carried out.
1.2.2.1.The fixative

Chemical fixatives fall into two board catego-
ries: those that fix by denaturing and coagu-
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lating biological macromolecules, and those
that fix by covalently crosslinking macromol-
ecules. Denaturing fixatives such as acetone,
ethanol, and methanol preserve ultrastructure
very poorly and are useful almost exclusively
for light microscopy (LM). In contrast, cross-
linking fixatives, by introducing intermolecu-
lar and, sometimes, intramolecular crosslinks
between macromolecules, provide excellent
ultra-structural preservation. The most widely
used crosslinking fixatives are FA for LM, and
GA and OT for SEM [4, 14].

1.2.2.2. Formaldehyde

Formaldehyde (FA) with the formula (CH20)
is a mono-aldehyde that reacts with amine
groups to form crosslinks between adjacent
macromolecules, primarily proteins [15]. Be-
cause the crosslinking is based on the forma-
tion of a methylene bridge between two FA
molecules, the crosslinks are short and can be
reversed by hydrolysis. FA is a very useful for
LM [16]. The utility of FA for high resolution
works limited. For SEM, FA fixation should
be followed by additional fixation in GA. FA
should be made fresh from paraformaldehyde
powder. Commercially available FA solution
(formalin) contain methanol as preservative
and should be avoided. To prepare FA as 20%
aqueous stock solution by adding the powder
fixative to distilled water and then heated to
95-99°C) with continuous striring, and then
adding 1.0 M NaOH drop by drop until the
soloution becomes clear. After adjusting the
pH with HCL and adjusting the final volume
with water, store it in the dark at 4°C for at least
2 months [4]. At room temperature (25°C), FA
bound to tissue sections increased with time
until equilibrium was reached. Since the tis-
sue sections were extremely thin (16pm), pen-
etration was not considered a factor in kinetics
of the reaction. At 37°C, the reaction of FA is

Table 2. Common Biological Fixatives [4].

Acetone
Alcohols
. Formaldehyde (FA)
Chemical Methods Glutaraldehyde (GA)
Osmium tetroxide (OT)
Protein crosslinking reagents
Physical Methods Heatlpg
Freezing
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considerably faster and equilibrium is reached
after 18 hr or less. A major concern in fixa-
tion by FA, or with any fixative, is the amount
of distortion produced by fixation. The useful
term applied to fixation distortion is shrinkage
[15].

1.2.2.3.Glutaraldehyde

Glutaraldehyde (GA) is a di-aldehyde which
can react simultaneously with two amine to
form both inter and intra-molecular cross-
links, primarily with proteins [4, 11]. GA can
also react with itself to form long, branched,
multivalent crosslinking molecules that can
span the gap between nearby proteins and in-
troduce multiple and essentially irreversible
crosslinks that convert the cytoplasm of all
cell into a macromolecular gel. GA preserves
fine structure at least down to the level of mac-
romolecular resolution and renders samples
highly resistant to the various processing steps
required to prepare them for SEM, making it
the fixative of choice for almost all biologi-
cal SEM. Although it does not fix lipids, GA
stabilizes biological membranes sufficiently
well that they resist extraction with detergent
and GA-fixed cells remain osmotically active
for some time after fixation [4, 17-20].
1.2.2.4.0Osmium tetroxide

Osmium tetroxide (OT) is a popular fixative
foe SEM, because it crosslinks most lipids
and renders them resistant to extraction by
organic solvents used to dehydrate samples
prior to drying them [21]. Although OT pre-
serves biological membranes, it also causes
them to become osmotically inactive and per-
meable to water. In sections of cells examined
by transmission electron microscopy (TEM),
osmium also stains biological membranes by
generating the two black pararell lines that
mark the location of the lipid bilayer. Howev-
er, because OT can damage proteins and other
components [21, 22], it is better that samples
not to be osmicated unless there is a specific
reason for using so [4].

1.2.2.5. Protein crosslinking reagents
Biofunctional protein crosslinking reagents
form inter and intramolecular crosslinks be-
tween proteins, thereby functioning similarly
to GA, except that they do not self-associate
to form multivalent reagents [23-26]. The
distance across which they can form cross-
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links is determined by length of molecule be-
tween its two reactive ends. A large variety of
bi-functional protein crosslinking reagents is
available commercially, primarily from Pierce
(Rockford, IL), but few have been tested as
fixatives for microscopy [4].

1.2.2.6.Vapor fixation

Fixation of biological samples for SEM, in
general, utilizes the same principles and ma-
terials as described above. But some sam-
ples are so easily damaged that immersion
in a fluid is not possible. This is particularly
the case for fungal hyphae and their fruiting
bodies (conidia) that separate from the par-
ent plant upon touching. Vapor fixation uses
a drop of fixative placed near the sample, in
a sealed container. In the case of excised in-
fected leaf material, 4% OT made up in water,
fixes the sample in about 1 hour. The sample
turns black when fixed, which helps assess
progress. Once fixed, the sample can be fro-
zen by placing it on a metal block cooled with
liquid nitrogen, and then freeze dried. OT post
fixation can usually be omitted, though sam-
ples that have “charging problems” leading to
image distortion can frequently benefit from
osmication [27].

1.2.3.Physical fixation

As mentioned before in table 2, two alterna-
tives to chemicals for fixing boplogical mate-
rial are heating and freezing. Both have their
uses for LM, but freezing (cryofixation) is
the approach that offers the best alternative
to chemical fixation for preserving biological
fine structure for high resolution microscopy.
1.2.3.1.Cryofixation

The rapid freezing of biological specimens
has the potential of stopping all molecular
motion almost instantaneously and literally
freezing fine structure in place. There are a va-
riety of methods available to freeze biological
material. These methods will not be reviewed
in detail here. For further more information
author recommended to see references [4, 28-
31]. Ice crystals damage is the major obstacle
to good cryofixation. Ice crystal growth is af-
fected by the speed of freezing, which in turn
is determined by the heat transfer rate of the
coolant and the size of the specimen. To avoid
ultrastructural damage to the specimen caused

GMJ. 2014;3(2):63-80
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by growth of large ice crystals, rapid freez-
ing is essential. True verification (i.e., forma-
tion of amorphous, non-crystaline ice) can be
achived only by cooling rates of greater than
2x10% °C/s over the critical range of 20 to
-100°C, i.e., cooling over this range in a frac-
tion of millisecond. Rates of this magnitude
can be attained in very thin (<3um) tissues
of suspended liquid that are plunged rapidly
into liquid nitrogen-cooled liquid propane or
ethane [32]. Liquid propane, with a heat trans-
fer rate of 3900°C/s, is the most effective of
the various coolants that have been tested. It
is also inexpensive and easy to use. [33]. To
achieve ice crystal free freezing, cells must
be frozen at a rate over 1000°C/s. Very thin
samples such as individual cells can be frozen
this rapidly, but the slower rate of freezing for
thicker samples such as tissues limits the ice
crystal free zone to a layer of only a few mi-
crometers located closest to the freezing me-
dium or surface [29, 30].

1.2.4.Purpose; Killing versus Fixing

When preparing samples, one of the first con-
cepts to consider is the difference between
killing and fixing. Most of the time, the term
fixing is used to include both processes, which
sometimes leads us to forget that they are not
one and the same thing. Most primary fixa-
tives used today are aldehyde group fixatives,
and it is well documented that cells can have
significant time periods during which they
can respond to fixative solutions before death

Table 3. Rates of Fixation [34].
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(Table 3). Slime mold amoebae grown to con-
fluence on an agar surface can be seen round
up and develop intercellular spaces during the
first 30s after a GA mixture is poured onto
them. If, instead, the petri dish contain the
cells is first inverted over a drop of 1% OT for
3 min, the addition of GA causes no obvious
morphological change in cells. Thus, the high-
ly volatile and toxic OT vapor kills the cells,
and the later addition of GA fixes the cells. It
is important not to forget that these process-
es are not the same thing when evaluating the
success or failure of your particular fixation
regimen [27].

In summary, aldehyde fixation is frequent-
ly adequate. Two main fixtures for this aim
are GA and FA. GA quickly and irreversibly
cross-links proteins via their amino groups.
However, it does penetrate tissue quite slow-
ly and is therefore often used in combination
with FA. FA reversibly cross-links proteins,
but is a small molecule and penetrates tissue
quite quickly [35]. Balancing the osmolarity
of the fixative solution with the internal os-
molarity of the cells or tissues being fixed is
critical to maintaining normal morphology
and fine structure [36]. If the osmolarity of the
fixative is lower than cells, they will take up
water and swell, whereas if it is higher, the
cells will lose water and shrink, osmotic stress
can also cause the rupture of internal mem-
brane-bound compartments and the redistri-
bution of intercellular components. GA, PA

1. Chemical fixation

A. 3% Glutaraldehyde / 3% Acrolein: Pyrsoneympha axoneme moves for 2 seconds.

B. 3% Glutaraldehyde: chicken embryo fibroblast cytoplasmic inclusions move for 30-45 seconds.

C. Tomato petiolar hair cell cytoplasmic streaming continues for:

1) 15 min with 0.5-5.3% Glutaraldehyde

2) 9 min with 5% acrolein

3) 6 min with 2% Glutaraldehyde + 5% acrolein

4) 15 min with 2% Glutaraldehyde + 1% osmium

2. Cryofixation: Movement cases in 10 msec
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and OT cross the membrane freely and do not
contribute osmotic pressure to cells and tis-
sues [4, 18, 37].

Many biological structures are sensitive to
temperature. Temperature of solution at the
beginning of fixation recommended keeping
at the same temperature at which the sample
was kept while alive. After the sample is well
fixed, the temperature can be lowered to room
temperature (RT), for convenience, or 4°C for
longer storage. Also samples can be stored
in a refrigerator to inhibit the growth of any
contaminants that may occur over time. Other
reasons for fixing at colder temperatures (0-
4°C) include: to reduce the lateral mobility of
membrane proteins, to slow the diffusion of
intercellular molecules, and to slow the rate
of fixation, which must be done with OT or
mixtures of OT and GA [4].

The time required to fix cells and tissues ad-
equately is largely depend on the speed with
which the fixative diffuses into the specimen
and the rate at which fixative reacts with the
components of specimen. The minimum time
required for fixation will depend on the type
and size of the sample. For example, cells
in culture appear to be fixed almost instanta-
neously, although 15-30 min at 37°C is prob-
ably a safe time to ensure adequate fixation.
Bacterial cells may only need 30 minutes
whilst a thicker piece of tissue from an animal
or plant will need to be left in fixative over-
night or even for a couple of days (approx. 8
hours) to ensure complete infiltration. Almost
all the specimens can be stored in GA in the
cold for extended periods of time, if neces-
sary. But prolonged exposure to OT can be
very destructive and should be avoided, and
the reversible nature of FA crosslinking makes
prolonged storage in that fixation unwise [4].

At last, all fixatives should be buffered to
maintain pH at around the physiologic pH of
the sample, typically 7.2-7.4 for mammalian
tissues [4].

1.3.Dehydration

Conventional SEM demands that water and
organic fluids either must be removed from
samples or immobilized before they are ex-
amined and analyzed. Strictly speaking, the
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term “dehydration” is used to describe the re-
moval of water. Because biological materials
are predominately composed of water, dehy-
dration is potentially a very disruptive and ar-
tifact producing process due to:

1. Extraction of molecules by the dehydrat-

ing solvent,
2. Precipitation of molecules due to loss of

water,

3. Shrinkage of the sample due to loss of wa-
ter, and

4. Crushing of sample by the solvent-air in-
terface.

Shrinkage is an unavoidable artifact of dehy-
dration, because loss of the water solvent that
surrounds the macromolecules causes them
become more tightly packed together [4, 38,
39]. Therefore, samples should be dehydrated
so as to allow them to shrink gradually and
not collapse due to rapid loss of water [4].

For this aim many different methods such as
air drying and chemical dehydration are intro-
duced. The most commonly used dehydrating
agents are methanol, ethanol and acetone.

Ethanol and acetone are common dehydrat-
ing fluids to preserve the original structure of
biological samples like peritoneal tissue. The
dehydration process is accomplished by pass-
ing the tissue through a series of increasing al-
cohol concentrations. The blocks of tissue are
transferred sequentially to 30%, 50%, 70%,
80%, 90%, 95%, and 100% alcohol [40-43].
The blocks are then placed in a second 100%
ethanol solution to ensure that all water is re-
moved. Note that ethanol is hygroscopic and
absorbs water vapor from the air. Absolute
ethanol is only absolute if steps are taken to
ensure that no water has been absorbed. For
this reason, usually begin dehydration in 15-
30% solvent in water, and increase the con-
centration of solvent to 100% in steps of 15-
20% [4]. It is important to distinguish between
dehydration and drying. Tissues should never
be allowed to air dry. Dehydration involves
slow substitution of the water in the tissue
with an organic solvent. Dehydration must be
conducted relatively rapidly in order to pre-
vent excessive extraction of alcohol and ace-
tone-soluble compounds, but slow enough to
prevent plasmolysis. Extraction of specimen
components is difficult to control. Low mo-
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lecular weight carbohydrates are particularly
susceptible, since carbohydrates are usually
poorly cross-linked if at all following fixation.
Proteins tend to be cross-linked by GA during
primary fixation and the lipids by OT during
secondary fixation. The carbohydrates are es-
sentially unfixed. Linked to the problem of
extraction is that of shrinkage. Both problems
are most serious at low concentrations in the
dehydration series. In general, rapid dehydra-
tion is best for these reasons. By 70% alcohol,
the tissue no longer shrinks as much, but does
begin to harden. In fact, extended periods of
dehydration in higher concentrations of alco-
hol may make the tissue quite brittle. Ifa stop-
ping point is needed, most histologists choose
70% to 100% alcohol as a good place to stop
for the evening. If there is evidence of plas-
molysis, perhaps additional dehydration steps
(and/or longer changes) may be required. Cell
membranes sometimes retain some osmotic
activity after short periods of fixation. Longer
periods of fixation in GA can reduce osmotic
sensitivity as well. Membranes are essentially
insensitive to osmotic changes after 48 hours
of fixation in GA. Poor fixations will aggra-
vate problems with dehydration. Dehydration
at refrigerator temperatures slows the process
down a bit and tends to lend some rigidity
to the tissue. It may also reduce plasmolysis
slightly. In living tissues are the most sensi-
tive to poor dehydration, and therefore, re-
frigerated dehydration is preferred for these
tissues. When changing solutions, make sure
that the specimen does not dry out. Therefore,
most workers do not purport the bottom of the
vial, dry between changes, but leave a little
liquid to keep the specimens dry. On the basis
of relative volumes, this remaining solution is
inconsequential. Generally, the following de-
hydration processes recommended for living
tissues:

1. Rinse your samples with fresh buffer (no
fixative added) in the fume hood — repeat
three times.

2. Replace buffer solution with the lowest
concentration ethanol solution in your de-
hydration series — e.g. 50%, and leave for
15-20 minutes.

3. Continue with this process until your
samples are in 100% ethanol, then repeat

Biological Samples and Live Tissues for SEM

the 100% ethanol step.
4. Samples are now dehydrated and ready
for drying.

1.4.Drying

Many biological samples contain fluid, much
of which is water. Evaporating fluid can also
negatively affect the machine operation. It is
therefore best to ensure the sample is dry be-
fore inserting it in the SEM sample chamber.
Once the dehydration series is complete, the
solvent itself must be removed from the tis-
sue without introducing surface tension/dry-
ing artifacts into the sample. This is achieved
through the use of a transitional fluid, most
commonly critical point drying (CPD),
freeze-drying (FD) or liquid Co, or a series of
solvents, e.g., hexamethyldisilazane (HMDS),
Freon 113, tetramethylsilane (TMS), and
PELDRI II, are sometimes employed for air
drying; because they reduce high surface ten-
sion forces that cause collapse and shrinking
of cells and their surface features [44-55].
Artifacts such as shrinkage and collapse of
surface structures due to the effects of surface
tension can be a problem if biological sam-
ples are air dried following dehydration. Con-
siderable forces are created in small cavities
when a liquid/gas interface is present and as
the sample dries this interface travels through
the tissues, collapsing cavities as it goes. This
phenomenon can even lead to complete col-
lapse of hollow specimens. Any deformation
that occurs may then be mistakenly identified
as a native feature of the sample, or as an ef-
fect of a particular treatment applied.

1.4.1.A4ir Drying

A major problem arises as water is removed
from specimens by drying in air. As the water/
air interface passes initially from the surface
and then through the bulk of the specimen,
the surface tension forces associated with
the interface can rise to as high as 2000 ib/
in2 (13.8 MPa), which can result in up to 45%
shrinkage during the final phases of air drying
[56]. These forces become increasingly larger
as the structures being dried become smaller.
This dramatic increase in surface tension se-
verely distorts the structural integrity of soft
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specimens in additional to problems with
specimens that contain dissolved inorganic
and organic solutes [27, 57].

1.4.2.Critical Point Drying (CPD)

Critical point drying (CPD) is an established
method of dehydrating biological tissue prior
to examination in the Scanning Electron Mi-
croscope. The technique was first introduced
commercially for SEM specimen preparation
by Polaron Ltd in 1970. Traditionally biolog-
ical samples have been processed via CPD to
avoid shrinkage effect [58, 59]. CPD is based
on the principle that under certain temperature
and pressure conditions, a fluid and its over-
laying vapor will become indistinguishable
(the critical point) (Figure. 2). At this point,
the surface tension on a specimen originally
in the fluid phase will be zero. For biological
samples the main concern is to remove wa-
ter, however, the critical point for water of
+374°C and 3212 PSI is inconvenient, and
would cause heat damage to the specimen. To
avoid this harsh conditions, a sample that has
been dehydrated to the point of 100% etha-
nol (as outlined in the procedure above), is
then placed in the chamber of a CPD appara-
tus with enough 100% ethanol to completely

o

solid phase

Pressure

compressible
liquid

critical pressure
PU’

liquid
phase

supercritical fluid

critical point
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cover it. Then the chamber purged repeatedly
with liquid Co, until all the ethanol has been
replaced with Co,. The chamber is then sealed
and cooled until the critical point for Co, is
reached [31°C and 1072 ib/in? (7.4 MPa)], as
valves are opened to let liquid Co, in and vent
ethanol out, until liquid Co, has completely re-
placed the ethanol. The chamber is then sealed
again and slowly heated. When the chamber
pressure exceeds 1072 PSI and the tempera-
ture exceeds 31°C, a critical point is achieved
whereby the liquid and gas phases of Co, are
in equilibrium. If the temperature of the cham-
ber is maintained above the critical tempera-
ture (36-38°C), the chamber can be vented to
release Co, gas without any danger of recon-
densation into liquid Co, to produce surface
tension on biological specimen. The chamber
should be vented slowly, and the temperature
gauge must be closely observed. Allowing gas
to escape through a small orifice (the venting
valve) at high velocity will cause a tempera-
ture drop. If the temperature drops below the
critical point, specimen surfaces can become
rewetted and suffer surface tension damage
[27, 60]. Table 4 shows Temperature-Pressure
critical points of some substances.

Plasma

§
. . 2
Po triple point gaseous phase §
vapour v
critical
T EFm[)EI‘EIIUFE Solid
(A) Temperature (B)

Figure 2. (A) The vapor-liquid critical point in a pressure—-temperature phase diagram is at the high-temperature extreme of the liquid—
gas phase boundary. The dotted green line shows the anomalous behavior of water and (B) the effect of pressure-temperature on

enthalpy variation of different states of substances.
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CPD is not a perfect technique. Shrinkage is
still observed, resulting in a 1-15% size re-
duction in central nervous system materials,
12-13% shrinkage with embryonic and fetal
tissues, and up to 20% shrinkage for lung, kid-
ney, liver and skin [27, 56, 60, 63]. Much of
this shrinkage may be due to the fixation and
dehydration process itself [27].

1.4.3. Freeze-Drying

Freeze-drying (FD) was introduced because,
in theory, less shrinkage should occur than
with a CPD [64]. Also, FD avoids the per-
ceived danger of the CPD process. The pro-
cessing schedule is identical through dehydra-
tion. Once the specimen is in 100% ethanol,
it may be frozen in liquid nitrogen-cooled
FreonTM 12 (-158) or the sample may simply
be cryofixed from its native state. The sample
is then placed on a precooled specimen stage
held at -40 to -80, der mild vacuum (1.3310-2
Pa or less) and left for 6-8 hr with most spec-
imens, monolayers need only 1-2 hr, while a
1-3 mm thick specimen might need 3 days.
When frost is no longer visible on the cooled
stage, indicating that all the fluids have sub-
limed, the specimen is warmed gradually over
a period of 6 hr or so. When the stage and
specimen temperatures are slightly above am-
bient conditions, the chamber may be vented.
The specimen should be mounted on a speci-

Biological Samples and Live Tissues for SEM

men support, coated and examined as soon as
possible.

1.4.4.Chemical drying agents

Chemical drying agents have been suggested
to eliminate the need for capital investment
in CPD or FD as well as the need for facing
their complication. The published photo-
graphs of materials produced with HMDS and
TMS [27, 48, 65-68] shows effective role of
both chemical agents as drying solution. This
turns to vapor without the crushing surface
tension forces of water or even the damage
from evaporation caused by ethanol. Samples
in solvent (ethanol preferably) can be intro-
duced to HMDS as a 50:50 solution and then
changed to 100% HMDS (2 changes). Once
in the final change the solution can be drained
off till it just covers the sample and left to
evaporate in a fume hood. This can take from
a few minutes for very small samples to a few
days for larger ones. It is a useful alternative
to the CPD for large samples that will not fit
the CPD chamber. However, not all samples
dry successfully from HMDS so a trial is use-
ful before the technique is decided upon as a
standard procedure [27, 69]. This technique
has been proven to work with most biologi-
cal sample types, it is easy and it negates the
need for expensive and time consuming CPD
equipment.

Table 4. Liquid—vapor Critical Temperature and Pressure for Selected Substances [61, 62]

Substance Critical temperature Critical pressure (absolute)
Gold 6,977 °C (7,250 K) 5,000 atm (510,000 kPa)
Water 373.946 °C (647.096 K) 217.7 atm (22.06 MPa)
Sulfur 1,040.85 °C (1,314.00 K) 207 atm (21,000 kPa)

Ammonia 132.4 °C (405.5 K) 111.3 atm (11,280 kPa)

Chlorine 143.8 °C (416.9 K) 76.0 atm (7,700 kPa)
Co2 31.04 °C (304.19 K) 72.8 atm (7,380 kPa)
N,O 36.4°C (309.5 K) 71.5 atm (7,240 kPa)
Ethanol 241°C (514 K) 62.18 atm (6,300 kPa)
Fluorine —128.85 °C (144.30 K) 51.5 atm (5,220 kPa)
Oxygen —118.6 °C (154.6 K) 49.8 atm (5,050 kPa)
Nitrogen —146.9 °C (126.2 K) 33.5 atm (3,390 kPa)
CH, (methane) —82.3 °C (190.8 K) 45.79 atm (4,640 kPa)
Hydrogen —239.95°C (33.20K) 12.8 atm (1,300 kPa)
Helium —267.96 °C (5.19K) 2.24 atm (227 kPa)
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The procedure is simple:

1. Transfer your sample from 100% ethanol
into a 1:2 solution of HMDS: 100% etha-
nol and leave for 20 minutes.

2. Transfer your sample to a fresh solution
of 2:1 HMDS: ethanol for 20 minutes.

3. Now transfer the sample into 100%
HMDS for 20 minutes, and repeat this
step.

4. When the sample is submerged in the final
100% HMDS solution leaves covered or
capped loosely in a fume hood overnight.

5. All HMDS steps need to be carried out in
the fume hood wearing the necessary per-
sonal protective gear as it is highly toxic.

6. The HMDS will evaporate, leaving your
sample ready for sputter coating and im-
aging in the SEM.

On a note of safety, HMDS vapor should not

be breathed in and any solution mixed with

ethanol should not be stored in a closed bottle
as vapor pressure can build up and cause an
explosion.

In summary, CPD was a time consuming pro-

cess with low sample reproducibility due to

the many manual operations required, where-
as HMDS-drying-method proved to be an eco-

nomical alternative to the CPD method [70].

The capability of HMDS and TMS as a solute

for the last step in the dehydration of biologi-

cal material for scanning electron microscopy
was tested. Both the HMDS and TMS drying
techniques require sample fixation followed
by dehydration. After the final dehydration
step, the dehydration agent is replaced with
the drying agent, which is then allowed to
evaporate at room temperature (HMDS) or

27-32 (TMS) before the specimen is mount-

ed. TMS [54], Peldri IITM [45], a proprietary

fluorocarbon, was easy to use and gave good
results [44], but is no longer available because
of regulations imposed by the U.S. Environ-

mental Protection Agency [27].

1.5. Mounting Biological Samples

Samples must be mounted onto holders for
the specific SEM being used. Most speci-
men mounts are made of aluminum or brass,
though the brass is more expensive than alu-
minum and confers no added advantage.

Mehdizadeh-Kashi A, et al.

Particulate samples are best attached to po-
ly-L-lysine coated coverslips [71], which are,
in turn, attached to stubs. Specimens or cover-
slips with adherent material may be attached
to stubs with colloidal silver paint, colloidal
silver paste, colloidal carbon paint, carbon
tape, or double-stick tape. If double stick tape
is used, some conductive paint or paste must
be bridge from the stub to the surface of the
specimen, since the tape is an insulator. Cov-
erslips are also insulators, so they must be
treated in the same fashion. The various pastes
and paints must be allowed to dry before be-
ing introduced into the specimen chamber of
conventional high-vacuum SEM, otherwise
outgassing of the vehicle for the conductive
materials will prevent development of ade-
quate vacuum [27].

1.6. Sputter coating or surface conductivity

There are two primary purposes for coating

samples:

1. To make the samples electrically conduc-
tive so that excess electrons trapped by
the atoms of the sample can be drawn off
to ground, and

2. To introduce contrast to render them visi-
ble in the microscope.

As previously noted, biological tissues are
generally good insulators and results in imag-
ing artifacts caused by charging in SEM. Once
samples are dried, they should be mounted
on specimen stubs, coated and examined as
quickly as possible. If the samples must store,
they should be put in chambers with Drierite®
to minimize rehydration from atmospheric
humidity. In particular, a coated specimen is
subjected to decreased image quality if the
specimen swells hygroscopically and devel-
ops hairline fracture in the thin metal coating
sputtered onto it to increase conductivity.

In conventional high-vacuum SEMs, the pri-

mary electron beam current will have no way

to reach ground potential, so if the net speci-

men current is not conducted to ground, im-

age distortion results because the specimen

builds up a negative charge from the beam,
and the beam repelled by the negative speci-
men charge. Specimen burning can be a prob-
lem in regions that produce charging, as just
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described.

Except carbon, electrically conducting layer
for samples to be viewed by SEM, STEM,
TEM, the materials to produce coats for bio-
logical microscopy are heavy metals. Heavy
metals are used to provide both electrical con-
ductivity and a source of secondary electrons
for SEM. Application of a nanometer thin lay-
er of heavy metals allows electrons to escape
from the sample and go to the ground, without
noticeably affecting the surface properties of
the sample [4]. Applying an electron dense
metal layer to samples composed predom-
inately of light elements such as carbon and
nitrogen also helps enhance the return signal
off light element specimens, providing greater
contrast and surface detail. Biological speci-
mens in SEM are usually coated with plati-
num, gold or gold-palladium because the fine
grain size necessary for conventional SEMs.
There are three considerations to take into ac-
count when interpreting high resolution imag-
es of metal-coated specimens:

1. The thickness of the metal-coat,

2. Its uniformity, and

3. Its granularity.

All coats add material to the surfaces of the
sample, making the structures thicker and
causing them to appear larger in the micro-
scope. If sufficiently thick, the coat will ob-
scure the sub-structure of the underlying sam-
ple. Therefore, it is critical for high resolution
work to measure the amount of metal deposit-
ed, and to use as thin a coat as possible to ac-
complish the intended task. The importance of
the uniformity with which the coating materi-
al is deposited on the specimen varies with the
microscopic method. In SEM a uniform coat
is essential to prevent electrical charging. The
principal problem with metal coating is that
the coat may have its own granular sub-struc-
ture that will be visualized in high resolution
images. In some cases, the granularity of the
coat may enhance the surface details of the
sample, whereas in other cases, the granularity
of the coat may obscure the underlying struc-
tures or creat artificial ones. Therefore, when
working at high resolution, the granularity
of the coat must be taken in to consideration
when interpreting the images [4]. All metallic
coatings have the disadvantage of producing

Biological Samples and Live Tissues for SEM

granular coats in which islands of metal grow
together to form a uniform coating only when
the coating has become relatively thick [8, 72-
75]. For high resolution SEM, it is critical that
the metal coat be as thin and grain-free as pos-
sible, so that the underlying macromolecular
structure is not obscured. Therefore, we have
promoted the use of refractory metals such
as tungsten, tantalum, and niobium; because
they produce coats that are very fine-grained
to virtually grain free. This allows the metals
to be deposited in very thin continuous layers
(0.5-2nm) that are electrically conductive and
provide adequate numbers of secondary elec-
trons for SEM [8, 38, 72-74, 76].

In the early days of SEM, vacuum evaporators
were used to coat specimens. Since vacuum
evaporators are directional coater, specimens
were placed on motorized holder within the
vacuum system in order to coat surfaces of
variable topography evenly. These holders
spun a disc containing the specimens to go up
and down in a clockwise direction while being
rotated away from and toward the source. This
procedure frequently heated the specimen to
an unacceptable level while not producing a
truly even metal coating on specimens with
much topography. The main disadvantages
of evaporative coating are that only metals
with relatively low boiling temperatures may
be used, and these metals form coatings that
have a relatively large grain size. Such metal
coats are unsuitable when the goal is to visu-
alize structures at the macromolecular level
without decoration artifacts [4].
Sputter-coating was introduced into biologi-
cal microscopy as an alternative to evapora-
tive coating for SEM [76, 77]. Sputter coaters
were introduced to solve these problems. The
earliest units still heated the specimens, but the
ion cloud of argon and metal atoms dislodged
to coat the specimen produced well-coated
surfaces for any topography. Sputter coating
is done at relatively low vacuum in the pres-
ence of an inert gas such as argon, the atoms
are scattered at all possible angles as a result
of collisions with the gas atom. This produces
metal films that are more uniform in thickness
than restively evaporated coats. The primary
source of damage during sputter coating sam-
ple due to presence of electrons in the argon
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plasma that is formed around the sputtering
head. This problem can be reduced or elimi-
nated through the use of magnetron sputtering
heads, which use a magnetic field to deflect
the electrons from the sample [78]. Alterna-
tive methods for depositing fine-grained met-
al films on biological samples are ion beam
sputtering [74, 79] and penning sputtering
[73, 80], in which the sample is placed outside
of the charged plasma [4]. In summary, sput-
ter coating also increases the SE signal (and
therefore contrast). High Z elements have a
higher yield of SEs than low Z elements (bio-
logical material).

Conclusion

In SEM each step required to process a sam-
ple for microscopic examination can alter its

Mehdizadeh-Kashi A, et al.

native structure and create new structures that
will be observed microscopically. Howev-
er, when one has begun to use the SEM in-
strument, he cannot always take satisfactory
photos. When the photo is not sharp enough,
or when necessary information cannot be ob-
tained, it is necessary to think what causes it.
Some of the routine complications in SEM
imaging, especially for biological samples are
surface charging, evaporation and dissolving
of samples. In hence, technical methods to
prepare biological samples should be taken
into consideration.

Conventional SEM Specimen Preparation for Living Tissues

Primary fixation with
aldehyde groups

Glutaraldehyde

Acetone
Formaldehyde

Ethylen ghycol

Dehydration Series

Hexam ethyldisalazine
[HMDS)

Palladium
Critical Point Drying
{cPD)

FreezDrying

Diagram 1. Suggested Operational Flowchart to Prepare Living Tissues for SEM Characterization.
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