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Scanning Electron Microscope Methods for the Study of Membranes
by Thomas L. Hayes

The scanning electron micréscope (SEM) forms an image of the specimen
by utilizing a timed sequence of points in a fashion similar to the image
forming methods used in television. Tﬁe principal advantages of the SEM .
as compared to the cogventional electron microscoﬁe do not lie in the
area of resolution or greater available. detail of the image, but rather

in a somewhat broader area of information transfer.l The imaging of bulk

specimens is an example. Many of the objects visualized in the SEM have

the appearance of objects as we would see them in the world around us.
In addition to the experiential aspect of scanning microscopy, there are
several radiations which can transfer analytic information to the image.

For example, cathodoluminescence, or characteristic X-rays, localize

chemical information related to atomic or molecular entities within the

specimen.
‘However, in one mode.of operatiod, scanning transmission, the SEM-
can be utilized as a very high resolution microscope. The scanning trans--

mission microscope des{éﬁed.by'Crewe and co-workers has produced reported

' resolutlons at the single atom level.a Such scannlng transm1551on operatlon

requires that the spec1men be as thin or thinner than the conventlonal

electron mlcroscopeAspecimen and‘the,considerable advantage associated with

the more general operation of the SEM in the secondary electron mode is not

- availlable for'scanning transmission. For the study of membranes, however,

‘scanning transm1551on may be qulte acceptable, 1f ‘the membrane has been iso-

W
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lated. In general, scannlng transm1351on would be. appllcable for what will



be described later as textural studies, but. would find somewhat limited
application to membrane studies involved with the shape of the membrane
as & reflection of cellular snape.
-A microscopic cbservation of the geometry of the membrane system
" might be classified into two groups: A study of the shape of the -membrane
as it reflects cell shape; for example an evaluation of the variety of red
blood cell shapes associated with diseases such as sickle cell anemia,
thalasemia, etc. In such studies it is the overall shape of the cell
which is under investigation and surface texture is a secondary consideration
(Fig. 1). |
The .second type of study ﬁould be concerned with the textural struc-
ture of the membrane surface and would be relatively independent of the
overall shape of the membrane. In this category, stndles of particle local-
. ization or m1crov1lll structures on the cell membrane might be examples (Fig. 2)
In addition to geometrlc studies, the SEM has been utillzed to study
the localization of chemical elements w1th1n the specrmen by ut11121ng char-
acteristic X-rays as the video 31gnal It is also possible to localize chem= .
'ical entities that will fluoresce in the visible region when bombarded by
,electrons, a mode of operation termed cathodoluminescence. In addition; for
' inorganic materlals, the study of the electrical properties of the specimen

has been of great value and may. find future anpllcation in biologlcal materlals.
<

Before con51der1ng the spec1f1c methods assoc1ated with SEM, it wouldL
be appropriate to look at alternative methods which might allow &an analy51s{
of certain of these propertles utilizing 1nstruments less restrictive in
-their preparatlve requlrements or more appropriate to the study of materials

‘in & physiological state. An additional consideration would be the cost and

availabilitj of the scanning electron microscope as compared with tle



-‘jolqgical red blood cells.h R B S 4

'alternative methods discussed below.

AAlternative Methods

Studies of Shape. In investigatiens of the shape of the cell, many

useful characteristics can be obtained through the application of the visible-

light microscopic method known as differential interference microscopy, or

Nomarski imaging.3 This technique allows the specimen to be viewed while

in & hydrated state and permits the visualization of informafion that cen

be correlated with the three-dimensional view seen with the secondary elec-

tron mode of SEM. It is, of course, limited by the wave length considerations

associated with light microscopy, but has the advantage of being able to image

an optical slice of the specimen with very little interference from material
above and below the plane of focus. The contrast forming mechanism utilized

relies on the derivative of the optical path and thus is dependent not only

on path length, but on refractive index of the material being viewed.

The Nomarski system is convenient,. inexpensive, and can utilize

specimens in a state more nearly approx1mat1ng normal phy51olog1cal condl-

tions. Drying and fixation artlfacts can be eliminated since these steps are

-ofteﬁ'unnecessary for the preparation of the specimen. The Nomarski apparatus

can be attached to a standard research type llght mlcroscope at a cost far

: below that assoclated with an SEM. Besszs has utlllzed Nomarski 1mag1ng with

great effect for the study of membrane shape in the case of normal and path’

Y

_ This same author has also compared the image obtained by Nomarski 1m-

aging to that obtained with the scannlng electron microscope in the case of

& study of red blood cell shapes}*



If the texture of the membrane rather than its shape, is to be re-
vealed, Nomarski imaging in general does not have sufficient resolution to -
carry out the task. In this case an alternative method is represented by

the freeze-etching technique which utilizes the very. high resolution conven-

p)

tional electron microscope.

Although the freeze-etching technique can be complicated by such
~ possible artifacts as ice crystal formation or rgplication-deformation, it
is # well estaﬁlished technique.offering resolutions approaching the 30
Aﬁgstrom level. When we compare this resolution limit to the accepted com-
mercial secondary electron SEM of from 80-100 Angstroms, we can appreciate
the éonsiderable.advantage of the freeze-etching technique. In addition,
tﬁe freezefetching technique utilizes conventional electron microscopy which
is often available to the investigator interested in membrané structure.

If such facilitie$ are available, freeze-etching miéht represent a consider-
able sav1no over the rather expensive acqu1s1tlon of a SEM.

The additional freeze-etching techniques of compllmentary repllca and
stéreo pairs have_begn utilized by Steere in the study of biological sur-
faces at resolu£ions approaching-the 30 Angstrom.limiffs ‘ N

Freeig-etching.techniques hav? also been applied to the membrane struc-
tﬁfe at the texturael level as found ip mitechondria:r -

These two alternative techniques point to tﬁe neceésary comparativé

.} assessment of . SEM with other establlshed avallable techniques of ultrastrucé

'turé research. It is sometimes tempting to as51gn priority to the.latest ;

form of instrument design, but a newer instrument is not necessarily a better
instrument, and in the case of the-scanning electron microscopy of membranes,

alternative fechniques may well provide more information at lower cost. 1If,

‘howéver, the SEM is selected as the instrument of choice, the next consideration~



is preparative methods.

Fixation

The same careful attention to preparative methods must be applied in
SEM as have been necessary in conventional electron microscopy, or for that
matter, iu the prepa:ation of light microscope samples. Often the first‘step'
in this process is that of fixation. A useful pfocedure for fixation is to
try'and‘eliminate artifacts by simultaneously processing separate fractions '
of the sample through two or more separate fixatives. It has been found
that in general the fixatives applied in the preparatlon of SEM samples
are thoSe_derived from the ultrastrustructural work of conventional electron
microscopv. Two fixatives will be described here which have been found
useful in SEM and which might be applied in a parallel fashion with the hope
that by utilizing two differentimethods of fixation a somewhat bepﬁer esti-
mate of artifacts can be achieved.

The flrst fixative 1s an OsOh-HcCl2 flxatlve developed by Parducz.8
This flxatlve was first developed for so- called instantaneous flxatlon of
ciliates and has ‘been found to be a valuable fixative for the SEM of these.

- small animals.9 The Parducz fixative proeedure8 is summarized as-follows:

Fixatlve' 6 volumes 2% aqueous 0s0), and 1 volume saturated aqueous HeCl,.

Mbrdant- 10 gm. pale violet iron alum-crystals (ferrlc amonium sulfate).

dissolved in 100 ml. distilled water. £
. . . : i .
Stain: Heidenhain hematoxylin- 0.5 g3 ‘iron hematoxylin plus lO ml. 96%

. ethyl alcohol plus 90.ml. distllled water. The solution to be
used should be one to six weeks old and light red in color.
Procedure: To one volume of the- sample add four volumes of the fixative.

' Fix for fifteen mlnutes. Wash with distilled water, 2dd one



volume distilled water, then four volumes iron alum solution
end mordant for two minutes. Wash_with distilled water. Add
one volume distilled water, then three ts four volumes.hema-
toxylin solution. Stein ten to twenty minutes. Wash Quickly.
with distilled water before initiating drying steps cutlined
below. |

"The second fixative is that developed by Karnovsky?‘D'This fixative

1is a formaldehyde-glutaraldehyde fixative of high osmolality that was

developed for use in conventional electron microscopy. Karnovsky's' pro-

.cedurgjhan be summarized as follows: Two grams of paraformaldehyde powder

~are dissolved in 25 ml water by heating to 60-70° C. and stirring. One to

three drops of a 1N NaOH are added with stirring until the solution clears.

. A slight milkiness nay persist-'The solution is cooled five ml. of 50%

glutaraldehyde are added, ‘and the volume is made up to 50 ml. with 0.2M
cacodylate or phophate buffer, pH T.k to 7.6. The final pH is 7.2. If
cacodylate is used 25 miligrams CaCl2 anhydrous is added. The specimen

is fixed at room temperature for 20 to 30 minutes and then if p0551ble,

diced 1nto small blocks and then the flxatlon continued at room temperature

.for two to five hours. The blocks are wacshed for 3;12 hours in ccld C.l1i

- buffer, are post-fixed in cold 1.33 osmium tetraoxide buffered with s-

reported by Nowell, et al.

Drying .

collidine for two hburs. Drying procedures as outlined below are then

"y h,

connenced. The Karnovsky fixative as applied to SEM of avian lung has been,
11

4

,
7

The SEM spec1men must be dehydrated and free of liquid if it is to be

inserted into the vacuum system of the instrument. These drying techniques



are most critical to the preservetion of ﬁltrastructoral detail. The effects
of surface ten51on when the spec1men is allowed to dry in air are qulte
severe(Flg. 3) and must be avoided if faithful reproduction of the
structure of the specimen is ﬁo be achieved. Two general techniques for
drying have been dereloped, one depending on the freeze-drying process
and the other on the critical point method.
Again,cip general it is best to carry out phe two drying methods in

persllel. At this stage phen, there would be four samples. Each product of

' the-two parallel fixative stepspis now divided in two for freeze drying and
- critical point drying. | | ‘

| Freeze drying is general y carred out on commerclally available tissue
drying apparatus where the temperature of the spec1men can be controlled
. aqd monitored at all times;‘and where the vacuum near.the specimen can

also be measured. A possible difficulty may arise if‘there is contamination
from the oil of the mechanical pump usually utilized in such apparatus, or
:if there are componeots in the specimen chamber which may lead to contamination
of the cold sample by condensation. -In general, it is preferable to-have a .
well trapped system utilizing llquld nitrogen to prevent the backstreamlng of
. oil from the pumps and tc ntlllze standagc tigh vacuum technlques in consnructlaz
of the bell Jjar, gasket and other components of the specimen chamber.. Freeze

drying techniques have been applied to SEM preparations for some time and a.

rs
(3
o

.

'review Of the methods found most.SatisfactOry-can be found in the article
by Bo&d'and Wood;lz One of the ﬁajor coﬁcerns in any freeze'dryiné operation
is production of artlfact during the free21ng process due to the formation
"'of ice crystals. Such mechanlcal deformatlon can cause large changes in the

specimen and in particular can account for holes punched in membranes or



for sourious-particles found on the surface. Thus while freeze drying
can'often:be suggested as the method of choice for fhe preparation of the
samples, it is useful to run a parallel drying step utilizing a meﬁhod that
does not contain any freezing step.: The‘critical poiﬁt method is therefore
suggested as a parallel drying procedure.

At environmentai parameters above the critical'point of pressure and
temperature, the boundary between liquid and gas in alsample will disappear.
Above the critical point there can be no liquid phase, end thue the sample
can be dried by bleeding off the gas phase, avoiding eurface tension effects.
Critical poiht apparatus are available commercially which utilize either
carbon dioxide or‘freon as the traﬁsitione} fluid and this equipment is
very:useful fof offering a non-freezing method of drying with & minimum of
surface ten51on artifact and in a tlme considerably shorter than that requlred
for freeze drying. Altnough the problem of - ice crystals and otner freezing
_artifacts has been eliminated, it must be pointed out that the llQulds from

Awhich critlcal ‘point drying can take place (carbon dlox1de and freon) are
quite different chemically from the normal hydrated environment and thus
‘>critical point drying by itself must be’ looked at with considerable care

for the production of chemically induced artifact. Again, the running of

barallel Grying methods is recommended.

Microscopy

As ﬁentioned above the SEM can utilize several types of radiation as

. AR N

its information signal. Cathodoluﬁinescznce, characteristic X-ray, trans-

mitted electfon signal and induced specimen current ﬁeve all been utilized
for physical and certain b;ological studiee and may'find application to the

sfudy of membranes..'Mangef and Bessis haye SUggested'using'paraformaldehyde

‘stimulated cathodoluminescence to study antibodies on cell‘surfaces.13 However,
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the most frequently utilized signal is the eecondary electron signal which
conveys depth and shape information as & function of the distribution of
matter on the surface of the_specimen. While many of the alternative in-
formation eignals wouid be of great significance to an understanding of the
structure and function of the membrane, their application to date has been
somewhat limited. ‘ |

The'operation of the SﬁM in secondary electron mode will require the
optimization of several paremeters including nccelerating voltage, specimen
current, magnification, final aperture.size, and astigmatism correction. | -
Details of a suggested procedure for optimum choice of these parameters can
be found in a recent review article.l

In addition to these parameters, a variety of display modes are also
available to the operator. The usual dieplay mode ‘involves modulation of
the display cathode ray tube in terms of its intensity. The display point:
brightness is modified according to the video signel generated by the prob-
ing Beam of the SEM. Instead of the signal modulatlng the intensity of the
display Point, this same signal might be utilized to deflect the display
point.in the vertical, or Y, direction accordlng to the strength of the .
video.signal; producing an'image witn an artificial height appearance'wnichl
can enhance. recognition of certain of the surface characteristics.15
Similarly, the video signal can be utilized to modulate the color of each
- point at each instant on the display cathode ray ‘tube. Such color modulation
may produce an enhanced pattern recognition and is con51derably used for

S .

iso-intensity mapping and for recognition of minimdn'grey level changes.l6d

rAIt is also possible to process the‘signal_electronically so that the

derivative of the original information signal is displayed. Such derivative
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processing can result in an image which corresponds to an obliquely lighted
specimen. Such changes in lighting as a function of mathematical manipulation
of the signal may help in attempts to provide maximum cognition of specimen

detail by the observer.

Cognition'by the QObserver

The cognitive processes carried out'in the mind of the observer might
be dividedvinto two general classifications. First,. those processes assoc-
iated with the analytic appllcatlon of a system of ideas, such as physics,
chemlstry or .-biology, to the data as it is presented in the image. Secondly,
subjective or experiential interaction which results from an intuitive con=-
tact between the observer and the information of the epecimen.

With respect to the analytic procedures, the mathematics, physics,
Achemlstry, etc. are approprlate to the information conveyed by a particular
signal (characterlstlc X-ray, cat hodolumlnescence, etc.). .Such analysis
results.in an awareness of certain properties of the specimen that can be
represented in terms of the idea information characterized by words or numbers.
For exemple, by apélicationsAof geometry (both metric and topologic) spatial '
‘characteristics such as length, area, angle, genus, or_netwofk'Characterist-
- 1cs can be revealed.lT |
In addltlon to the analytic modes of cognltion, it might be useful to
- consider the poss1b111t1es of utlllzlng the Scanning electron microscope as §
an instrument which can allew ue to;vieit-the small world of the membrane :;
as 1f we ourselves were small and could experience these characteristics
directly. Such experiential coqtact, while somewhatfless cleerly defined
" in terms of its value to our understanding of the specimen can often result

in overall appreciation of its nature.. The mathematician Poincare/once



‘stated "It is by logic that we prove, but by intuition that we discover."
The SEM can represent a form_of instrumentation that allows us to make
experiential contact with the specimen and thus allows and opens up

the possibility of intuitive discoveries with respect to structure.

‘Conclusion
'Sganning.electron microscopié methodology as applied to the study
-of membranes represents an additional tool for investigating this struc-
turé. The SEM does not in any way replace cohventional electroﬁ micro- -
scope techniques but rather may be considered as complementary to the
other microscopic methods. While still quite & new technique, careful
applicétion gf SEM has already proven useful in several research areasl9
aﬁd.it would seem that this instrument may make some useful contributions

to our understanding of membrane structure.
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- Figure Caption

Fig. 1. (X 4,000) The overall shape of the cell and membrane can be
determined by SEM. Human red blood clot after deformation by clot re-

: 20
traction.

Footnote

0 , .
Originally published in L. W. McDonald and T. L. Hayes, Exp. and

Mol. Path., 10, 186-198, Acedemic Press, N. Y. .(1969).
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Fig. 2f (X 19,500) Membrane texture can also sometimes be shown by
SEM. Microvilli on epithelial cell membrane prepared by freeze-drying tech-

nique.
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Fig. 3. (X 19,500) Preparative techniques are criticel for SEM if un-
wanted artifacts are to be avoided. Air-dried sample of same epithelial '
cell membrane material shown in Flgure 2. DNote loss of surface detail

when alr-drylng (Fig+” 3) is used in place of freeze-drying (Fig. 2).
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