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ABSTRACT

A brief history of tissue embedding as
applied to transmission electron microscopy is
given. Perhaps the first successful embedding
matrix was a mixture of methyl and n-butyl
methacrylate. This formulation penetrated tissues
well and was easy to section with the glass knives
available at the time, but tissue preservation was
sometimes marginal. Methacrylates were followed
by cpoxy resins which gave much better tissue
preservation although they were more difficult to
section and did not penetrate tissue as well.
Epoxy resins are today the dominant embedding
resin. More recently, resins particularly suited for
immunocytochemistry have become popular. The
most notable of these are LR White and Lowicryl.
Advances in freezing techniques have also made
vitreous ice a viable embedding matrix for many
applications.
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INTRODUCTION

Four requisites for the biological
applications of transmission electron microscopy
were: (1) A suitable fixative for the preservation
of cellular structure (osmium tetroxide |[7].
buffered osmium tetroxide [59]. aldehvde
[71.72]). (2) A matrix substance that could
infiltrate biological material and encapsulate tissue
components so that they could be thin sectioned
and examined under an electron beam
(naphthalene  [7], celloidin/paraffin ~ [60],
methacrylate [56.57]). (3) A microtome that
could thin section the tissue-matrix complex
[7.60.64]. (4) Knives to cut the thin sections
(glass [38], diamond [12]). All of these except for
aldehyde fixation, came together in the late 1940's
and early 1950's and are with us in approximately
the same form today.

The primary interest in this discussion is
item 2, the development of matrices for
encapsulating biological material. Without such
matrices, examination of tissue as we know it
today, would not be possible.

Only the major steps in the evolution of
tissue embedding are discussed in this report.
These are presented more or less in chronological
order with emphases on the methacrylates and
epoxies. the two classes of resins used most
extensively by the author. The primary interest is
the mtroduction of new embedding matrices and
not their subsequent development. Three books
were particularly helpful in establishing the
chronology of events [20,27.81]. and some of the
references in this report were taken from them.
See TABLE 1 for a listing of the major classes of
embedding matrices available to electron
MICTOSCOopists.

METHACRYLATES
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The development of embedding resins was  formulated to meet the needs of the microscopist.

not a conscious cvent in which a product was

Rather it was, as it ijs now. an adaptation of

TABLE 1: MAJOR CLASSES of embedding matrixes.

1949 methacrylate n-butyl/methyl methacrylate (Newman ct al)

1955; 1959 | negative staining PTA, uranyl acetate (Hall, Brenner and

1962 Horne: Valentine and Horne)

1956 epoxy Aralditc M (Glauert et al 1936)

1957, 1958 | protein gelatin - (Fernandez-Moran and  Finean,

1969 Gilév), serum/egg albumin (Farrant and
McLean)

1958 1960: | polyester Vestopal W (Ryter and Kellenberger a,b):

1962 Rigolac (Kushida), Selectron (Low and
Clevenger)

1958, 1859; | water-miscible epoxy Aquon (Gibbons). Durcopan A (Staubli)

1960

1960; 1965 water-miscible methacrylate glycol methacrylate (GMA; Rosenberg ct
al.); hvdroxypropyl methacrvlate (HPMA;
Leduc and Holt)

1961; 1970 polvmenzed aldehyde urea-formaldehyde (Casley-Smith), urea-
glutaraldehvde (Peterson and Pease)

1973 vinyl polymer polydialylphthalate (PDAP: Dc Mets)

1979 (approx.)
to present

vitreous ice

see Plattner and Bachmann 1982. Menco
1986. Moor 1987, Sitte 1987, Dubochet et
al. 1988

1980 removable (Wax) polyethylene giveol (Wolosewick)

1980 acrylate-methacrylate Lowicryl (Carlemalm et al.)

1982 acrvlic LR White (Newman et al.)

1983 Nanoplast melamine-formaldehvde  (Bachhuber and
Frosch)

1979: removable (Plastic) Polystvrene  (Frangiom and Borgioh):

1985.1986 Plexiglas (Gorbsky and Borisy)




products generally available to the public through
other channels. Thus it was that a common
plastic. Plexiglas (or Lucite: ie. methyl
methacrvlate), was adapted for the first truly
successful embedding matrix. The adaptation
consisted of mixing two methacrylates, methyl
(which gave a very hard block) and n-butyl (which
gave a very soft block) so that the resulting block
was suitable for thin sectioning. The ratio
generally settled on was approximately 2-parts
methyl to  7-parts n-butyl methacrylate.
Methacrylates were generally shipped with a small
percentage of hydroquinone to prevent premature
polymerization. The hydroquinone was sometimes
removed before the methacrylates were used; but
more often left as shipped since the resins could
still be polvmerized by adding more catalyst than
might otherwise be used. Initially, these resins
were most often catalyzed with benzoyl peroxide.

The resulting resin had some very
desirable characteristics. Both methyl and n-butyl
methacrylate have very low viscosity, and
maintain this viscosity until polymerization is
initiated (for days or weeks if one should wish).
Thus, penetration of tissue was never an issue.
Moreover, methacryvlate blocks are very easy to
section, which was an important aspect at the time
since sectioning had to be done with glass knives.
Image contrast in the microscope was also very
good when compared to that of epoxy resins
(compare Figs. 1A,B).

Although the methacrylates had many
virtues, they were deficient in one very important
aspect, namely, the spatial preservation of cellular
ultrastructure. It was known, of course, that
methacrylates underwent marked shrinkage (as
much as 20% linear dimension) during
polymerization and that this could account for
some of the noted distortions. However, the real
problem was more subtle: i.¢., the tissue elements
looked as though thev had been displaced m a
random fashion to leave micro areas of cytoplasm
devoid of visible substance. A common term used
to describe this phenomenon was "micro
explosions." These explosions were occasionally
tissue specific.  Explosions were most often
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associated with the last stages of polvmerization.
For example, there were many occasions when I
left an embedding that was already too viscous to
flow. just to come in the next morning to see a
specific tissue (in this case the initial cells of the
maize root) blown into unrecognizable debris. In
most cases. however, explosions occurred only on
a microscale (¢.g., compare Figs. 1A.B and Figs.
2A.B) and were not visible to the naked eye.
Several methods for eliminating this problem were
devised but none proved fully successful. Perhaps
the most common method was to use partially
polymerized resin for the last stages of infiltration
to reduce the amount of heat generated as the
resins polymerized (Note, polymerized
methacrylates are soluble in their monomers if
they are not cross linked) . This did not
completely solve the problem although it
sometimes seemed to help. Another problem was
that methacrylate sections (whether cross linked or
not) were very unstable in the beam. At least part
of this instability was due to vaporization of a
large percentage of the resin by the beam. This
was one of the factors responsible for the good
image contrast — but it also contaminated the
column which, in those days, was a never ending
problem,?-

Over the vyears there were many
adaptations to the standard methacrylate formula;
e.g.. use of cross linking agents to improve
stability and new catalysts to promote more even
polvmerization. There also were water-miscible
methacrylates which were adapted for use in
cytochemical studies and to prevent excess
extraction of lipids (see TABLE 2). Mixtures of
methacrylates and stvrene [49] and other resins
were also reported occasionally.

In retrospect, it might weli be said that the
most important contribution of the methacrylates
was that they gave the first insight into cell
ultrastructure and, quite often, excellent structural
preservation. They marked the beginning of
modern  biological ~ electron  microscopy.
Moreover. versions of them are still in use today
as indicated in TABLE 2.
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TABLE 2: Some common ACRYLIC-BASED embedding resin types listed in the order in which
they were first reported.
1949 methyl and n-butvl methacrylate Newman et al.
1958 polvester resin (Vestopal W) Ryter and Kellenberger a.b
1960 glycol methacrylate (water miscible) Rosenberg et al.
1965 hvdroxypropyl methacrylate (water miscible) Leduc and Holt
1980 Lowicryl Carlemalm et al, Kellenberger et al.
1082 LR White Newman et al
NEGATIVE STAINING
Not usually considered as an embedding Figures 1A-C. Micrographs of

matrix but indeed 1t 1s - and a good one at that
[4,10.26.28]. The tissue sample is encased in an
amorphous layer of heavy metal that gives good
image contrast with almost no sample shrinkage.
Negative staining is capable of giving a specimen
resolution of 0.5 - 0.8 nm which is far better than
1s possible with any other embedding matrix. The
reason for this is that resolution is directly
proportional to contrast (i1e. mass/density
differences [81] and the embedding matrices
generally used for negative staining are very
dense. However, its use 1s limited to molecules
and structures that can be spread thinly on a
supporting membrane (Figs. 3A.B), or across
small holes in a supporting film to give maximum
resolution (not illustrated).

EPOXY RESINS

In 1956, the world of tissuc embedding
changed, perhaps forever. when epoxy resins
were reported as suitable for tissue embedment
|22,44]. These resins were easy to section, gave
excellent tissue preservation (Fig. 1B). and had
virtually no shrinkage. Some also were miscible
with water [17,18]. Many formulations of cpoxy
resins have evolved over the years and several of
these have become dominant cmbedding media

glutaraldehyde/osmium tetroxide-fixed maize root
cap outer cells. The tissues were fixed and
dehydrated in the same wav so that direct
comparisons of contrast and tissuc preservation
could be made betwcen the embedding matrices.
[A] Tissue embedded in a 2:8 ratio of methyl
methacrvlate  and  n-butyl methacrylate
respectively,  Negative was printed on Agfa
Rapitone GRADE Pl photographic paper.
[B] Tissue embedded in an Araldite epoxy resin
mixture. Negative was printed on GRADE P3
photographic paper. [C| Tissuec embedded mn
Vestopal W.  Negative was printed on GRADE
P2 photographic paper.

Gross structural preservation of tissue
elements 1s reasonablv good in all of the
preparations although contrast in the methacrylate
embedded tissue 1s one or two grades of paper
higher than that of tissues embedded in either
epoxy or Vestopal resin.  Notc also that the
background cvtoplasm of the mecthacrylate-
embedded tissue 1s pocketed with regions that
appear devoid of substance.  One other aspect 1s
that images of methacrylate embedded tissues
often appear shghtly "soft" even when focusing
has been adequate (also see Fig. 2A). Dictvosome
or Golgi apparatus stack (D). Secretory vesicle
(arrow),
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where good structural preservation is required.
However, cpoxy resins are not without problems:
¢.g., all are probable mutagens [67] and one mav
be a carcinogen. They may be allergenic,? many
are very viscous, and they react with some tissue
elements which may limit their use for post-
embedding cytochemistry [51-33].  Nonetheless,
epoxy resms arc¢ the primary embedding resin in
use today and probably will continue to be for
many years to come, primarily because of their
excellent spatial preservation of tissue elements,
Many epoxv resin formulations have been
introduced over the years; the major ones are listed
in TABLE 3. TABLE 4 lists some properties of
the most commonly used epoxy resins,

PROTEINS

Cross linked proteins were one of the
earlv matrices for the preservation of
ultrastructure  (TABLE 5), thewr pnmary
advantage being the retention of lipid components
and other constituents cxtracted by non aqueous
solvents. However, sectioning was usually a
major problem since the blocks wet easily and. in
most instances, had to be sectioned dry. Tissues
also showed excessive shrinkage -- and the tmage
was always in reverse contrast.

POLYESTER RESINS

Although never popular in the United
States. these resins saw widespread use in Europe.
These resins were cross-linked polymers of
polybasic acids and polyhydric alcohols, or alkvd
resins which gave very good tissue preservation
with fairly low tissue shrinkage (Fig. 1C).
Perhaps the most notable of these was Vestopal W
[30,69,70]. However, the polyesters were all
relatively viscous and not as casy to section as
either methacrylates or epoxies, and they never
gained the usage that might have been expected of
them. The major polyester resins arc listed in
TABLE 6,

LR WHITE AND LOWICRYL

In spite of much progress, embedding
matrices are still far from perfect and this has led

to a continuing search for ever-better materials
and embedding procedures. Of particular note are
two resins that have found widespread use for
post-embedment cytochenustry where the primary
need is to preserve those molecules that are to be
the recipients of a post-embedding marker. These
are the acrylic and acrylate-methacrylate resins
LR Whte {58] and Lowicryl [5]. respectively.
Both can be polymenized by heat, or by ultraviolet
light at medium-to-very low temperatures, which
aids in the preservation of protein structure and
other labile molecules. Lowicryls can be obtained
in either polar or non-polar forms. Preservation of
tissue elements is often marginal and contrast may
be very poor under the conditions often necessary
for optimal cytochemistry. Neither is as stable
under the beam as are the epoxy resins.

OTHER EMBEDMENTS

Many modifications to the embedding
matrices listed above have appeared from time to
time but most of these have not survived the vears.
It 1s interesting, however, that almost all of the
major cmbedding matrices that have been
developed and become popular are still available
commercially today in approximately the same
form in which they were ongnally formulated
Embedding matrices for special purposes have
also appeared and three of these are noted: 1) A
densc material for embedding to give negative
contrast 1n section [1]. 2) Removable matrices
(c.g.. polyethylene glveol) for thick sections and
high voltage microscopy [82]. 3) Melamine resins
for ultra-high resolution [3]. Perhaps vitreous ice
should also be considered as an embedding matrix
since it. like other embedding media, retains cell
structure so that tissues can be sectioned (or
chemically fixed in subsequent steps) and then
viewed m the  electron  microscope
[29,48,55.66,77]. It offers the advantage of rapid
embedding (milliseconds) without the use of non
aqueous solvents. A partial listing of embedding
matrices with major propertics. is given 1in
TABLE 7.
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TABLE 3: Chronological list of the MAJOR EPOXY RESINS introduced over the years. Note
that those investigators who published first were not always the ones who got major recognition

for their efforts.

1956 Shell EPO Maaloe and Birch Andersen
1956 Araldite M Glauert et al, see Glauert 1991
1958, 1959 Aquon (mostly water miscible) Gibbons

1958 Araldite CY 212 (Araldite M) Glauert and Glauert

1959 Epon 812 Gibbons

1959 Epon 812, 815 Kushida

1960 Epon 812 Finck

1960 Araldite 502 Finck

1960 Durcopan A (water miscible) Staubl

1961 Araldite 502 Luft

1961 Epon 812 Luft (also see Luft 1973)
1962 Epon 812/Araldite 502 Voelz and Dworkin

1962 Maraglas 655 Freeman and Spurlock

1963 Epok 533 (QX 533) Kushida

1964 Epon 812/Araldite 502 Mollenhauer

1964 Araldite 506 Mollenhauer

1964 DER 332 Lockwood

1964 DER 334 Winborn

1967 Epon 812/DER 736 Kushida

1969 ERL 4206 (VCD) Spurr

1974 Quetol 651 Kushida

19-- Epon 812 substitutes (Mascorro and Kirby 1986, 1987, 1990)
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TABLE 4: CHARACTERISTICS of some of the more common EPOXY resin formulations.

EPON 812

* Medium viscosity

» Easy to vary block hardness

* Polymerization begins very rapidly after mixing
ingredients

« Easy to section but prone to chatter

* Good heat stability

ARALDITE M and ARALDITE 502

* Verv high viscosity

+ Blocks usually very soft but can be moderated

* Polymerization does not begin very rapidly after mixing
ingredients

» Lowest grain at high magnifications

« Easy to section, no tendency to chatter

» Moderate heat stability

EPON 812/ARALDITE 502

* Very high viscosity

* Very soft blocks

* Polymerization begins very quickly after mixing

» Easiest of all epoxy resins to section, no tendency to
chatter

» Moderate heat stability

SPURR (Original Formulation)

* Very low viscosity (about 8 cps)

= Very easy to adjust block hardness

» Polymerization does not begin very rapidly after mixing
ingredients

+ Easy to section and no tendency to chatter

» Moderate to poor heat stability

« Probable carcinogen, vapors harmful

« Numerous spatial and staining artifacts

« Contrast vaniable but usually fairly good

SPURR (Ladd adaptation using HXSA)

» Generally same as SPURR original formulation except:

+ Little or no spacial distortions

« Very low contrast but can be improved by using « DER
736 n place of RC-1 (Mollenhauer adaptation)

» Good heat stability
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Figures 2A,B. Same as Figures | A B except that
the cells are from the epidermis near the tip of the
maizc root, and the print magnifications are
higher  Dictvosome (D) and secretory vesicle
(arrow).  Although both 1mages define the
structures being illustrated reasonably well, that of

the epoxy-embedded tissue [B| i1s more pleasing
than that of the methacrylate-embedded tissue [A]
and 1s thought to be the more nearly correct.
Figure B was printed on GRADE P3 paper and
Figure A was printed on GRADE P1 paper.

TABLE 5: Chronological list of major PROTEIN embedding matrixes.

1957 gelatin Fernandez-Moran and Finean
1938 gelatin Gilév
1969; 1972 Serum, egg albumin Farrant and McLean; Kuhlman and Viron

TABLE 6: Partial list of the most popular POLYESTER resins.

1956; 1958 Vestopal W Kellenberger et al., Ryter and Kellenberger (a,b)
1960 Rigolac Kushida

1962 Selectron Low and Clevenger

1964 Rhodester Argagnon and Enjalbert

1972 Bectle Rampley and Morris
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TABLE 7: Partial list of the PROPERTIES and USE PATTERNS for several of the most
common embedding matrixes (listed alphabetically).

Acrylate-methacrylate (e.g.,
Lowicryl)

Low wviscositv: heat or low temperature light-activated
polymerization; good for immunochemistry; polar and non
polar formulations: semi-stable in beam. (c.g.. Kellenberger ct
al. 1980, Carlemalm et al 1980)

Acrylic (e.g.. LR White)

Hydrophilic, low viscosity; light or heat polymenzation; fairly
poor lssue preservation, good for immunochemistry. (e.g.
Newman ct al. 1982)

Epoxy

Medium-low to very high viscosity. low shrinkage; very good
tissue preservation; easy to section; ‘stable n beam; some arc
toxic. (e.g:.. Glauert et al. 1956, TABLE 3)

Urea-aldchyde

Tissue impregnated with urea-formaldehyde and polymerized
with ammonium chloride; Tissue impregnated with urea-
glutaraldehvde and catalysed with oxalic acid: no lipid solvents
or dehydration - good retention of lipids: poor tissue penetration;
difficult to section. (Casley-Smith 1961. Peterson and Pease
1970, Pease and Peterson 1972)

Melamine
(melamine/formaldehyde resin)

Hydrophilic; very hard; for very thin sections (8 nm+) and very
high resolution: good tissue prescrvation. (¢.g., Bachhuber and
Frasch 1983)

Methacrylate First practical embedding resin; often gave poor tissuc
preservation; high shnnkage during polymenzation; unstable in
beam. (e.g.. Newman et al. 1949)

Metallic plastic (e.g., | Dcnse supporting matrix; gives reverse image. (Acetarin et al.

tin/styrene)

1986)

Polyester (e.g.. Vestopal)

Cross-linked embedding matrix; very viscous. stable in beam;
good tissuc preservation; not as casy to section as most epoxies.
(TABLE 6)

Protein (cg.. BSA,

albumin)

gelatin,

Aqueous embedding; retains lipids; usually difficult to section,
(TABLE 3)

Removable matrix substances
(cg., PEG: solubilized
Plexiglas; vitreous ice)

May be removed from sections. good for thick sections/high
voltage microscopy: immunocytochemistry: scanning EM. (e.g..
Wolosewick 1980: Gorbsky and Borisy 1985, 1986, Sjostrand
1951, Menco 1986)
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Figures 3A,B. [A] Two cisternae isolated from a
plant dictvosome. lavered on a Formvar/carbon
supporting film, and embedded in phosphotungstic
acid. The cisterna on the left is from the
midregion of a dictyosome and the cisterna on the
right is probably from the cis pole of a dictyosome
[54]. The dense parts of the image come from the
embedding matrix rather than from tissue
elements, and is the rcason that this procedure is

called negative staining. A resolution of less than
1.0 nm is easily achieved with this embedding
method. [B) Micrograph of a plant virus showing
the excellent resolution that can be achieved with
negative staming. Micrograph from Dr. O, E.
Bradfute. Ohio  State  University,  Ohio
Agricultural Research and Development Center,
Wooster, Ohio. x230,000.
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EPILOG

And so the search for embedding matrices
continues — but not at a very fast pacc. What is
available now is acceptable for the most part
although not idecal. Morcover, research support
for such ecndeavors is seldom available.
Nonetheless, progress is to be expected over the
vears to come, particularly in respect to ease of
use, good penetration. good tissuc preservation,
special use resins, safety, and a better
understanding of embedding itself.  However,
there are scveral problems that will be nearly
impossible to surmount and will likely be with us
for some time to come, most notably perhaps,
sample/resin degradation in the beam. However.
what is important is the recognition of how far the
current procedures and the ingenuity of scientists
and technicians have brought us. There 1s very
little that we do not now know about the spatial
relationships of most cellular constituents greater
than 0.1 nm in size -- a rather remarkable
achievement in only 40+ years.

ABBREVIATIONS
BSA bovine serum albumin
DER Dow Epoxy Resin
EM electron microscopy
GMA glycol methacrylate
HXSA hexenylsuccinyl anhydride
PEG polyethylene glycol
PTA phosphotungstic acid

ICurrent address is Flectron Microscopy Center, Texas A&M
University, College Station, Texas 77843-2257, U.S. A

$The most commonly available microscopes of this period were the
RCA's EMU-2 and 3, and these had no mterlocks for changing plates
(3 or § exposure cassettes) or specimens, They also used silicon
diffusion pump oil which back-streamed at a lagh rate. Apertures
(platinum) were good for only a few hours and major cleanmg of
lenses and specimen holders occurred every week. Apertures often had
to be cleaned with hydrofluoric acid 1o dissolve the glass-hke coatings
that formed on them from the beam/diffusion o1l interaction.

3 A technivian of mine became so allergic to epoxy resins (in any form)
that she could not enter a lahoratory in which a bottle of resin was
open. She ulumately had to leave electron microscopy for employment
where epoxy resins were nol used.

RESUMEN

Este trabajo presenta una breve histona de
la aplicacion dcl embebimiento de tepdos en la
microscopia ¢lectromca de transmision.. Quizas la
primera matriz de embcbimiento exitosa fue una
mezcla de metil v n-butil metacrilato. Esta
formulacion penctraba adecuadamente los tejidos
v cra facil de cortar con la cuchillas de vidrio
utihizadas para aquel tiempo. sin embargo. en
algunos casos la preservacion del tejido era
limitada. Los metacrilatos fueron substituidos por
las resinas epoxicas, con las cuales se obtuvo una
mejor preservacion del tejido. aunque presentaban
mayores dificultades en la penetracion v el
seccionamiento del matenal. Hov cn dia. las
resinas epoxicas son ¢l medio de inclusion mas
utilizado en microscopia electronica
Recientemente resinas adaptadas para el uso en
inmunocitoquimica se han convertido en medios de
inclusion muy populares. Las mas notables de
estas resinas son LR White v Lowicryl. Los mas
recientes avances en métodos de congelacion han
hecho posible la obtencion del "hielo vitreo", el
cual, se ha convertido en un medio de inclusion
viable para muchas aplicacioncs.
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