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Abstract 

Contributing to the rapidly developing field of 
immunoelectron microscopy a new kind of markers has 
been created. The element boron, incorporated as very 
stable carborane clusters into different kinds of peptides, 
served as a marker detectable by electron spectroscopic 
imaging (ESI) - an electron microscopic technique with 
high-resolution potential. 

Covalently linked immunoreagents conspicuous by 
the small size of both antigen recognizing part and 
marker moiety are accessible by using peptide concepts 
for label construction and their conjugation with Fab' 
fragments. Due to a specific labeling of the free thiol 
groups of the Fab' fragments, the antigen binding 
capacity was not affected by the attachment of the 
markers and the resulting immunoprobes exhibited an 
elongated shape with the antigen combining site and the 
label located at opposite ends. The labeling densities ob
served with these reagents were found to be significantly 
higher than those obtained by using conventional colloi
dal gold methods. 

Combined with digital image processing and analysis 
systems, boron-based ESI proved to be a powerful 
approach in ultrastructural immunocytochemistry em
ploying pre- and post-embedding methods. 

Key Words: Immunocytochemistry, electron spectro
scopic imaging, boron, immunoglobulin fragments, 
peptides, small sized markers, carboranes, antigen 
localization, electron energy loss spectroscopy, energy
filtered transmission electron microscopy. 
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Introduction 

The ultrastructural study of events and functions in 
biological specimens provides a better comprehension of 
their cell biology. For this reason, efforts are continu
ously being made to improve the spatial resolution of the 
techniques used in electron microscopy for the analysis 
of biological systems. The improvements in 
immunoelectron microscopy since the introduction of 
ferritin as an electron dense label for immunoreagents 
(Singer, 1959) illustrate the steady search for optimal 
probes of high resolving power. The application of 
colloidal gold particles as labels for immunoelectron 
microscopy (Faulk and Taylor, 1971) increased dramati
cally the resolution, specificities and resolving power 
attainable in immunocytochemistry. Although the current 
immunogold labeled reagents are ideal for routine appli
cations, their relatively large overall size does not 
support their use if higher resolution is needed as in the 
tagging of vicinal domains in single macromolecules or 
of subunits in oligomeric complexes. Another disadvan
tage of colloidal gold-labeled immunoreagents is the 
negative charge carried by the particles, causing electro
static repulsions with components of the specimen and 
resulting in lower labeling efficiency than expected (van 
de Plas and Leunissen, 1993). 

In order to improve the performance of the electron 
dense labels, several groups have produced ultrasmall 
markers. Tetramercury (Lipka et al., 1979), tetrairidium 
(Furuya et al., 1988), undecagold (Hainfeld, 1987) and 
tungstate clusters (Keana and Ogan, 1986) have been 
described and may be covalently bound to 
immunoglobulins or their fragments. These compounds 
differ in charge and are in part not stable under the 
electron beam. All of them are virtually undetectable in 
conventional transmission electron microscopy, restrict
ing their application to studies of periodical structures 
with the help of image averaging and processing. Only 
the 1.4 nm gold cluster developed by Hainfeld and 
Furuya (1992) has been successfully applied in immuno
cytochernistry. Post-incubation size-enlargement by 
coating with metallic silver ("silver-enhancement") 
(Holgate et al., 1983; Danscher and N0rgaard, 1983) 
allows for its easy visualization in transmission electron 
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microscopes and even in light microscopes. 
All the labels described above belong to a group that 

may be detected in transmission electron microscopes 
because elements with a high atomic number strongly 
scatter elastically electrons of the beam. The probability 
and strength of this elastic Rutherford scattering, based 
on the deflection of beam electrons by the positively 
charged atomic nucleus, strongly depend upon the 
sample thickness and the atomic number of the elements 
present. 

A different approach is used in the ultrastructural 
detection of specific elements by their inelastic scattering 
properties via electron spectroscopic imaging (ESI) and 
electron energy loss spectroscopy (EELS) (Ottensmeyer, 
1982; 1984; Colliex, 1986; Reimer, 1991). Here, 
irradiated electrons interact with the shell electrons of 
the sample, and - by transferring energy - cause excita
tion or even ionization of the specimen atoms. A part of 
the electrons in the transmitted beam has therefore lost 
a defined amount of energy, which allows to draw 
conclusions about the kind and state of the atoms present 
in the specimen. To split the electrons according to their 
energy content, the transmission electron microscopes 
must be equipped with energy filters (Castaing and 
Henry, 1962; Henkelman and Ottensmeyer, 1974): The 
electrons leaving the specimen are deflected on circular 
paths by the Lorentz force of a magnetic field; the 
deflection radii are proportional to the energy content of 
the electrons. 

An electron energy loss spectrum represents graphi
cally the intensity distribution of electrons according to 
their energy content. The presence of an element 
occurring in sufficient quantities in a specimen can be 
demonstrated on the basis of its specific absorption edge. 
The positions of these absorption edges correspond to 
the characteristic binding and therefore ionization 
energies of a specific element according to the energy 
level (K-shell, L-shell etc.). These edges are superim
posed on the offset of an intense, broad peak (plasmon 
peak) which includes electrons having created collective 
excitations, inter- and intraband transitions. For this 
reason, the spectrum or the elemental map must be 
cleared from the relatively large amount of the non
element-specific, intense background to obtain a netto 
element signal. 

The representation of the spatial distribution of 
electrons of a specific selected energy loss in the form 
of two-dimensional images is called electron spectro
scopic imaging. To obtain the net elemental distribution 
for a chosen element it is necessary to record, in addi
tion to the element-specific picture just above the 
absorption edge, at least one reference image below the 
edge onset. This permits the extrapolation of the non
element-speci fie background. 
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Energy filtered transmission electron microscopic 
(EFTEM) methods have been rapidly developing into 
very powerful tools for elemental microanalysis in 
biological specimens during the last years. Although 
mainly used for detections of naturally occurring 
(Ottensmeyer and Andrew, 1980; Arsenault and 
Ottensmeyer, 1983; Leapman and Andrews, 1991) or 
exogenously supplied elements (Kopf-Maier and Martin, 
1989; Wagner and Chen, 1990) - often as precipitates -
these techniques may also be used in irnmunocytochem
istry to detect reagents labeled with appropriate marker 
molecules. Outstanding features of this method are the 
high spatial resolution and sensitivity potentials achiev
able. In commercial instruments, ESI allows for a spatial 
resolution of 0.5 nm and provides enough sensitivity to 
detect 50 accumulated atoms of a light element like 
phosphorus (Adamson-Sharpe and Ottensmeyer, 1981). 

Marker molecules for ESI-irnmunocytochemistry 
must fulfill the following requirements: The elemental 
marker should not be a component of the investigated 
cells or tissues and should exhibit a strong, sharp 
absorption edge in the electron energy loss spectrum 
sufficiently distinct from those of other elements present. 
Furthermore, the detection limit must be exceeded, 
ensured by a high topical density of the element chosen. 

Organo-boron compounds appear to be particularly 
well suited for an application as labels in ESI-based 
irnmunocytochemistry. Beside its absence in most 
biological specimens and its sharp absorption edge in 
EELS not particularly overlapping with those of other 
elements normally present, boron has the property to 
form stable and defined covalent clusters which can be 
incorporated into organic molecules (Plesek, 1992; 
Hawthorne, 1993; Morin, 1995). 

In 1989, a first experiment with boron-labeled 
irnmunoreagents was described by Bendayan et al. 
(1989). They employed a heterogeneous, positively 
charged marker with varying boron content, a boronated 
polylysine (Barth et al., 1986; Alam et al., 1989) linked 
to protein A, for the indirect detection of antigenic sites. 
Their approach resulted in strong ESI signals, with a 
reduced spatial resolution, limited by the relatively large 
size of the probe (approximately 15 nm - not considering 
the sizes of the primary reagents used in the indirect ap
proach). These immunoreagents did not allow for high 
resolution analyses with ESI, compelling compact, 
small-sized marker molecules. A size-reduction should 
additionally increase tagging efficiencies, because steric 
hindrances are lowered and infiltrations of section's 
surface depths are facilitated (Horisberger, 1981; 
Yokota, 1988). 

A direct boronation of antibodies through multiple 
attachment of small, boron-containing molecules 
(Mizusawa et al., 1982; Alam et al., 1985) is limited 
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0 =BH 
Figure 1. Stereochemical structure of the carborane 
cluster containing amino acid used for the different 
peptide syntheses. L-5-(2-methyl- l ,2-dicarba-closo
dodecaborane(12)-1-yl-)2-amino pentanoic acid (L
MeCBA 1) was produced by the bislactim ether method 
(Schollkopf et al., 1981) following the concept of 
auxilliars, i.e., a glycine building block is incorporated 
into a molecule containing a group which sterically 
controls the alkylation leading enantioselectively to the 
desired amino acid derivative. 

because of the strong effects on immunoreactivity and 
solubility of the proteins. Therefore, research was 
recently more focussed on the grafting of boron-loaded 
polymers to single sites of carrier molecules. However, 
the difficulties caused in this procedure by the inherent 
heterogeneity of the boron-containing labels like poly
lysine (Barth et al., 1986; 1989), poly-ornithine (Tamat 
et al., 1989), dextranes (Abraham et al., 1989; 
Pettersson et al., 1989) and starburst dendrimers (Barth 
et al., 1994) have stimulated the design and synthesis of 
more defined molecules, such as oligomeric peptides 
containing carboranyl amino acids (Varadarajan and 
Hawthorne, 1991; Kane et al., 1993; Leusch et al., 
1994). 

Development of Probes for EFI'EM 

Immunocytochemistry by electron spectroscopic 
imaging requires the development of appropriate 
immunoreagents consisting of a small and homogeneous 
marker moiety and an efficient antigen recognizing part. 
In this context the use ofFab' fragments of antibodies is 
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advantageous due to their small size amounting to 5 nm 
x 4 nm x 3 nm (Hainfeld, 1987). These fragments are 
able to reach even antigenic sites of which the accessibil
ity is diminished by other constituents of the specimen 
or by the tertiary structure of the given target protein, 
they easily penetrate the depths of the section surface 
and can also be used as valuable reagents for pre
embedding methods. Since the dimensions of the anti
body fragments are quite low, the achievable lateral 
resolution is high. The Fab' fragments exhibit one single 
antigen combining site, i.e., they are monovalent, a 
basic requirement for examinations of some special 
problems. 

Additionally, Fab' fragments provide the possibility 
of a regiospecific derivatization with the marker mole
cule, since the thiol groups of the former hinge region 
of the IgG (immunoglobulin G) molecule are accessible 
and allow for a SH-specific labeling at a domain oppo
site to the antigen combining site (Kato et al., 1976; 
Yoshitake et al., 1982; Padlan, 1994). Thus, the immu
noreactivity is not affected by the marker compound. 
This is in strong contrast to labeling approaches using all 
the electron-rich moieties of the protein for covalent 
linkages. 

In the design of the marker molecules the following 
special demands must be satisfied: 

[1] a fully accessible, reactive handle permitting the 
thiol-selective conjugation to the antibody fragment has 
to be incorporated, 

[2] the marker molecule should carry a high boron 
load spread over a minimized volume to exceed the ESI 
detection limit and to achieve a high signal to noise 
ratio, 

[3] the label should be homogeneous in structure, 
boron content and size, 

[ 4] a fluorescent group should be incorporated to 
quantify the conjugation reaction, 

[5] the compound has to be soluble in a solvent 
miscible with water or even in water itself. 

Since using amino acids as well characterized 
multifunctional building blocks is an appropriate ap
proach, we applied peptide chemistry to fulfill these 
requirements. 

First of all, an amino acid containing the element 
boronwasnecessary. R,S-5-(2-methyl-l,2-dicarba-closo
dodecaborane(12)-1-yl-)2-amino pentanoic acid (D,L
MeCBA) (Varadarajan and Hawthorne, 1991) is an 
attractive compound for our application, since 10 boron 
atoms are condensed in a cluster of high stability and 
steric hindrances are comparatively low. This carboranyl 
amino acid has been successfully used in peptide synthe
ses for different purposes (Varadarajan and Hawthorne, 
1991; Kane et al., 1993; Leusch et al., 1994). 

First experiences with linear racemic peptides 



M.M. Kessels, B. Qualmann and W.D. Sierralta 

2 

H 0 H 0 QC'(:~ 0 
N'(:~ 

0 

.,;:::. 

N(CH3)2 

H 0 H 0 N'(~ 
0 
N'(:~ 

0 

H 0 N'(:~ 
0 

conjugation 
reaction 

NH2 

Figure 2. Structure of the linear, N-terminally dansylated peptide 2 consisting of 11 amino acids (5 MeCBAs 1, 5 
serines and a lysine), which has been successfully linked to Fab' antibody fragments and detected by ESI using the 
incorporated boron as marker element. 

(Leusch et al., 1994) encouraged us to work on the 
further development of boron-rich marker molecules. 
Two routes were followed to improve the performance 
of the peptides: Since an enantioselective synthesis 
allows for a more defined and condensed secondary 
structure of the marker, we developed an efficient 
synthesis of the pure L-enantiomer of the carborane
containing amino acid MeCBA 1 (Fig. 1). The synthesis 
is short, convenient and proceeds in high overall yield 
(68%). The carboranyl amino acid MeCBA 1 is obtain
able in high enantiomeric purity (enantiomeric excess > 
98 % ) and in amounts sufficient for peptide syntheses 
(Kessels and Qualmann, 1996). The second way to 
enhance the signals of the marker molecules consists in 
the incorporation of a greater number of carboranyl 
amino acids. 

The linear peptides produced followed partly the 
concept of Varadarajan and Hawthorne (1991). They 
contain a dansyl group as a fluorescence marker, a 
lysine moiety as the later coupling site and a different 
number of MeCBAs. Diverging from Varadarajan and 
Hawthorne ( 1991), alternating serines were incorporated 
to improve the solubility of the marker peptides and a 
segment condensation synthesis in solution was used 
(Leusch et al., 1994; Kessels, 1996; Kessels et al., 
1996). In general, the extremely high hydrophobicity of 
the carborane cage often represents a problem; the side 
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chain of carboranylalanine, for example, is reported to 
be 1000 times more hydrophobic than that of valine 
(Fauchere et al., 1980). To decrease the hydrophobicity 
of the compounds we incorporated polar groups like hy
droxyl and amino functions. 

The all-L-peptide 2 produced (Fig. 2) represents a 
small and compact marker molecule. The maximal 
possible length extension assuming a fully stretched 
conformation is approximately 3.5 nm. The possibility 
of forming a more condensed secondary structure in so
lution ought to be considered, especially in the case of 
enantiomerically pure compounds. 

The peptide proved to be soluble in polar organic 
solvents like dimethylformamide and different alcohols 
and in aqueous organic mixtures allowing for coupling 
to the antibody fragments Fab'. Conjugations were 
performed with heterobifunctional crosslinkers of the N
hydroxysuccinimidylmaleimidyl type linking the free 
thiol groups of Fab' with the amino group of the lysine 
anchor present in the marker peptide (Kessels et al., 
1996). The efficiency of conjugation exhibited a strong 
dependence on the length of the spacer moiety incorpo
rated in the different crosslinkers used (Kessels, 1996), 
probably due to steric hindrances. The coupling reac
tions were verified by fluorescence examination. The 
boron content of the peptide 2-immunoprobes was im
pressively demonstrated by electron energy loss spec-
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Figure 3. Molecular structure of the dendritic peptide construct 3 containing 8 carboranyl amino acids attached at the 
outer surface of a poly(cx,E-L-lysine) core and a linear tail carrying the coupling site for Fab' conjugation, the dansyl 
group and a polyethylene glycol chain (PEG) spaced from the dendrimer moiety by 2 lysines. An identical peptide, only 
lacking the PEG-tail, was also produced. The peptides 2 (Fig. 2) and 3 are shown in the same size. 

troscopy (Kessels et al., 1996). 
A further synthesized elongated peptide (8 incorpo

rated carboranyl amino acids, 21 steps) exhibited a poor 
solubility in aqueous organic mixtures and the coupling 
ratios were low (Kessels, 1996). These imrnunoreagents 
were not promising - obviously a limitation of the linear 
peptide concept had been reached. 

Furthermore, there are some common disadvantages 
of the linear peptide syntheses, such as the very labori
ous, multi-step procedures (even though we used a 
segment condensation approach) leading to low overall 
yields (even assuming, e.g., a yield of 90% in each 
individual step the overall yield of a 15-step synthesis 
(peptide 2) would nevertheless be only 20 % and that of 
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a 21-step procedure only 11 %, respectively). Another 
disadvantage is the necessary, time-consuming and 
increasingly difficult characterization of each synthetic 
intermediate by analytical means like thin layer chroma
tography, nuclear magnetic resonance spectroscopy and 
mass spectrometry. 

To bypass the limitation and the inconveniences we 
left the linear approach and generated spherical dendritic 
peptides carrying the carboranyl amino acids at the outer 
surface (Qualmann et al., 1996b). We developed a solid 
phase peptide synthesis (SPPS; Merrifield, 1963) 
employing the orthogonal concept of fluorenyl-methyl
oxycarbonyl-SPPS (Atherton et al., 1981). The coupling 
difficulties encountered in solid phase and solution 
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Figure 4. Schematic presentation of the different 
functional moieties incorporated into the dendritic 
peptide 3 and their arrangement. 

synthesis of carboranyl amino acid-containing oligo
peptides derive from steric hindrances particularly of the 
N-terrninus of the carboranyl amino acids due to the 
bulky carborane moiety (Varadarajan and Hawthorne, 
1991; Kane et al., 1993; Leusch et al., 1994). The 
attachment of the carboranyl amino acids to the terminal 
amino groups of a poly(a,€-L-lysine) dendrimer 
(Denkewalter and Kole, 1981; Tam, 1988) in a final 
acylation step overcame these limitations. The amino 
functions of the molecule, whose quantity grows expo
nentially with each step of the dendrimer synthesis, are 
spherically distributed, thus steric hindrances are dimin
ished and acylation occurs quantitatively (Posnett et al., 
1988; Qualmann et al., 1996b). 

Due to the globular shape of the marker molecules 
the topical boron concentration is very high. The maxi-
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MeCBA 
(80 B-

Figure 5. Electron energy loss spectrum of immuno
reagents bearing peptide 3 adsorbed to nitrocellulose
coated gold grids. Notice the sharp boron K-shell 
absorption edge at 196 eV rising from the steep declin
ing background curve. Instrument settings: objective 
aperture 90 µm, spectrometer entrance aperture 100 µm, 
slit width 1-2 eV, beam current 30 µA, magnification 
30000x, scan speed 1.6 evs- 1

• 

6a b 

Figure 6. Comparison of sizes and shapes of different 
immunoreagents. Schematic representations. a. Fab' 
fragment conjugated with the boronated dendritic peptide 
3. b. Indirect immunoprobe employed by Bendayan et 
al. (1989), i.e., an antibody detected by protein A, 
which has been linked with several boronated poly
lysines. c. Conventional colloidal gold (Au6mn) immuno
reagent. 
Figure 7 (on facing page). Comparison of conventional 
immunogold technique with boron electron spectroscopic 
imaging. a, b. Labeling of the secretory vesicles (sv) in 
somatotrophic cells of porcine anterior pituitary with 
goat anti-GR, detected by rabbit anti goat-Au 10mn. N 
nucleus, arrow plasma membrane with adjacent non
somatotroph. c. ESI with anti-GH-Fab'-peptide-2-conju
gate: one of the two background images taken below the 
boron absorption edge (178 e V), an image just above the 
boron absorption edge (201 eV), a conventional zero loss 
image (0 eV) and the net boron distribution (B-distribu
tion) calculated by the three-window method (150 eV, 
178 eV, 201 eV). With kind permission from Kessels et 
al. (1996), Fig. 3;@ Springer Verlag, Heidelberg, FRG. 
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mal extension of the 80 boron atoms can theoretically 
reach 4 nm. In fact, for a poly(a,e-L-lysine) dendrimer 
of the same size terminally acylated with a further 
generation of lysines instead of carboranyl amino acids 
a diameter of 2.28 nm in solution is described (Aharoni 
et al., 1981). 

The marker peptides prepared consist of two parts 
(Fig. 3): the globular, branched core of lysines with 8 
terminal amino groups each carrying a carboranyl amino 
acid - the marker moiety - and a C-terminal, linear 
peptide chain containing the coupling site (a thiol 
function of an incorporated cysteine) and a fluorescence 
label (a dansylated lysine like in the linear peptides) both 
spaced from the voluminous hepta(a,e-L-lysine) core by 
two more lysines. Their highly polar amino functions 
should also enhance the hydrophilicity of the molecule. 

A further increase of the hydrophilicity was obtained 
by the derivatisation of the C-terminus with a 
polyethyleneglycol (PEG) tail. This solubility mediator 
proved to be necessary since the marker peptide lacking 
the polyether tail was only poorly soluble in aqueous 
solutions. Probably due to its low solubility the conjuga
tion efficiency was as low as that observed for the 
elongated linear peptide containing 8 carboranyl amino 
acids. In contrast, the PEG-bearing analog 3 (Figs. 3 
and 4) exhibited good solubilities in a wide variety of 
solvents (e.g., chloroform, methanol, water) and reacted 
smoothly in Fab'-conjugations with different types of 
crosslinkers employed (Qualmann et al., 1996a,b). No 
disturbing precipitates were formed and the associated 
loss of antibodies was diminished, ensuring the use of 
even monoclonal antibody fragments usually available in 
only moderate quantities (Parham, 1983). Furthermore, 
the addition of organic solvents to dissolve the marker 
peptide can be omitted reducing the risk of decreasing 
the antigen binding capacity of the Fab' molecules. 

The quality of the immunoprobes was again checked 
by fluorescence measurements and examinations using 
an energy filtered transmission electron microscope to 
detect the marker element boron. An electron energy 
loss spectrum of an immunoreagent bearing the marker 
peptide 3 is shown in Fig. 5 exhibiting the sharp boron 
absorption edge at an energy loss of 196 eV. 

The marker compound was proven to be remarkably 
stable during beam irradiation: no losses of signal 
intensity in successively recorded electron energy loss 
spectra were detected when a given area of the specimen 
was exposed to a 30 µA electron beam for more than 
five minutes (Qualmann et al., 1996a). This is in 
striking contrast to observations of Huxham et al. 
(1992). They examined borate adsorbed to polystyrene 
beads and described a rapid loss of boron signals: in 
their case after only 3 minutes of exposure a complete 
loss of signals was seen. In contrast, immunoprobes con-
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(Figure 8 on facing page) 
Figure 8. Uptake of BSA by ileal enterocytes of new
born piglets demonstrated by tagging with the Fab'
boronated peptide conjugate and ESI-examination (three
window-method - 150 eV, 178 eV, 201 eV). Differences 
in labeling of BSA-containing vesicles obtained with the 
BSA-specific boronated immunoprobe (a, c) and a non
related control conjugate (b). a. Overview consisting of 
the background images taken below the boron absorption 
edge (178 eV), the boron specific image just above the 
edge (201 eV), the zero loss image (0 eV) and the net 
boron distribution. Labeling performed with anti-BSA
Fab' fragments conjugated with peptide 3. The sizes and 
shapes of the vesicles are delineated even by the BSA
tagging alone, permitting the examination of antigen 
localization just by comparison of the calculated boron 
distribution and the zero loss image. The frame (in a) 
marks the part of the vesicle shown beyond in 8fold 
enlargement (c) The grayscale signal intensities range 
from white (highest intensity) over light gray to dark 
gray). b. ESI-micrograph demonstrating the background 
noise detected over a vesicle area in control sections 
incubated with a boronated anti-GR immunoprobe. The 
images b and c are shown at the same magnification. 
With kind permission from Qualmann et al. (1996a); @ 

Blackwell Science Ltd, Oxford, UK. 

taining boron in the form of chemically and thermically 
very stable and covalently attached closo-carborane 
cages (Wade, 1976) are not affected by irradiation, thus 
proving to be appropriate for immunocytochemistry. 

In summary, defined, boron-rich marker peptides of 
small, homogeneous size were generated in good purity. 
Since standard procedures of solid phase peptide synthe
sis are used in the case of the dendritic peptide 3, the 
synthesis is reliable, easy to control by the analytical 
means of SPPS and proceeds in high overall yields. 

In general, the immunoreagents are of elongated 
shape carrying the covalently linked marker at the 
opposite end of the antigen combining site, thus immu
noreactivity is not affected sterically by the marker 
peptides and the lateral extension of the immunoprobe 
just depends on the diameter of the Fab' fragment 
(approximately 4 nm). In contrast, other immuno
reagents previously described show much larger spatial 
extensions: in conventional immunogold labeling the 
diameter of the colloidal gold is greatly enlarged by the 
antibody coat and in the boron/ES! method of Bendayan 
et al. (1989) the heterogeneously linear boronated poly
lysines linked to the protein A, used as indirect label, 
contribute substantially to the overall size of the marker 
even assuming a rather globular structure (Figure 6). 

All the immunoreagents produced have been puri-
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tied from unreacted low molecular weight components 
of the conjugation reaction, concentrated and stored at 
4 °C in the presence of 1 mM azide as preservative and 
0.5 % (w/v) bovine serum albumin and ovalbumin as 
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expander, respectively. No loss in irnmunoreactivity and 
no aggregation was observed even during prolonged 
storage of several months (Kessels et al., 1996; 
Qualmann et al., 1996a; Qualmann, 1996). 
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Figure 9. Assignment of BSA-labeling to transcytotic vesicles in an epithelial cell of ileum taken from newborn piglets 
after the administration of bovine serum. a. Superimposition of calculated net boron signals (shown in here in black, 
but in green in the original publication) obtained by incubation with anti-BSA-Fab'-peptide 3 on the corresponding zero 
loss image of endocytotic vesicles (unstained, 40 nm thin section). b. Conventional direct immunogold labeling (F(ab'k 
Au 12,,,J of BSA in endocytotic vesicles of different size. Section (80 nm) contrasted with OsO4 , uranyl acetate and lead 
citrate. Scale bar: 400 nm. With kind permission from Qualmann et al. (1996a); © Blackwell Science Ltd, Oxford, UK. 

Requirements in the Preparation of Specimens for 
Immunocytochemistry 

Retention of antigenicity in sufficient amounts for 
good antigen-antibody interactions requires mild fixation. 
The choice of embedding resin also has a great influence 
on the analysis by immunocytochemistry, especially if 
post-embedding is performed. The suitability of Epon 
for pre-embedding experiments and ofLowicryl-embed
ded tissue for post-embedding immunocytochemistry 
with ESI has been reported by Bendayan et al. (1989). 
For our studies with boron-labeled antibody fragments, 
Spurr resin (Spurr, 1969) was found suitable even for 
post-embedding ESI immunocytochemistry because 
sections of this plastic allows for the reaction of antigens 
at the depths of the surface with immunoreagents as 
confirmed by conventional immunogold labeling. As 
shown in the Figures 7, 9 and 10, a satisfactory reten
tion in antigenicity after fixation, dehydration and 
embedding procedures was secured. 

The resin showed practically no interference with 
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the detection of boron; the high purity of the plastic 
components, free of traces of elements like sulphur and 
phosphorus, resulted in a very low background (see 
Figure 10, for example). 

A crucial factor in the performance of energy
filtered transmission electron microscopic methods is the 
thickness of the sample, because the probability of 
multiple scattering events decreasing the signal to noise 
ratio augments with the thickness of the probe under the 
electron beam. The energy loss of an electron is only 
specific for an element if it is attributed to a single 
scattering event in the specimen. Therefore, if the 
percentage of multiple scattering events should not 
exceed 15 % , the samples should be no thicker than 
about 0.3 mean free paths for total electron scatter; this 
means a thickness of about 30 nm for sections of bio
logical material (Ottensmeyer, 1986). Despite their 
thinness, these sections of polymerized Spurr resin 
exhibited reasonable stability under the electron beam 
with low tendency to tear or to drift. Sections of materi
al embedded in Spurr resin stay adherent on 600 mesh-
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Figure 10. Labelling of high affinity IgE receptors on membranes of rat basophilic leukemia cells (line RBL-2H3, cells 
were incubated with the immunoreagent at 4 °C in the presence of azide to prevent internalization). a. lmmunogold label
ling using 6 nm gold coated with rat monoclonal antibody J17 (contrasted 100 nm section). b. Grayscale representation 
of the net boron distribution in an ultrathin section of cells incubated with a boron-containing immunoconjugate of J17. 
c. Zero-loss image corresponding to the area shown in b. Scale bars: 400 nm (a), 150 nm (b,c). 
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grids allowing incubations on aqueous solutions and 
avoiding supporting films which will undesiredly in
crease the path length of beam electrons through the 
specimen. An increase in stability may be obtained by 
subsequent carbon coating, but this significantly lowers 
the signal to noise ratio. 

Additionally, contrasting of the sections with OsO4, 

uranyl acetate, lead citrate or other heavy metal stains 
should be omitted otherwise a reduction of the element
specific signal is obtained. 

Hardware Requirements for ESI
Immunocytochemistry 

In order to detect specific elements by electron 
spectroscopic imaging, the microscopes have to be 
upgraded with an imaging electron spectrometer. Two 
different types of arrangements of energy filters have 
been realized in transmission electron microscopes 
commercially available at present: 

[1] the addition of a post-column spectrometer to a 
conventional transmission electron microscope (cTEM) 
as accessory, 

[2] the integration of an in-column spectrometer in 
the magnification system of specially constructed TEMs. 

The work described here was carried out with a 
ZEISS 902 (Zeiss, Oberkochen, FRG), which is 
equipped with an imaging spectrometer of the prism
mirror-prism type (Castaing and Henry, 1962) and an 
energy selecting slit. Electron energy loss spectra were 
recorded with the electron detector of the microscope 
connected to a digital compensation X/Y-plotter. The 
effective diameter of the selected area analyzed is 
restricted by the spectrometer entrance aperture and the 
magnification. 

In ultrathin sections, only a relatively small portion 
of electrons is inelastically scattered (approx. 1.5 % ; 
Ottensmeyer, 1982) because the ionization cross section 
is very small even for elements with a low atomic 
number. Therefore, EFTEM techniques require greater 
electron doses than usual, which may result in radiation 
damage, instabilities and even mass losses in the speci
men. If the acceleration voltage is raised, the impulse
and thus the energy-transfer during interaction with 
matter is lower, in consequence, the mean free path 
length increases. The signal to noise ratio augments, 
because the probability of multiple scattering events is 
diminished. In the ZEISS 902, the acceleration voltage 
is factory-limited to 80 kV to prevent the electrical 
collapse of the filter. For operations at higher voltage, 
the electrostatic mirror must be replaced by a fully 
magnetic deflection system, as realized in the ZEISS 912 
with an omega filter (Zanchi et al., 1975) design. 

The efficient collection of the scattered electrons is 
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of uppermost importance in order to keep the total 
exposure time and thus radiation-induced alterations in 
the specimen under the electron beam low. A large 
objective aperture allows the capture of scattered elec
trons in a great area. 

Fundamental limitations of the photographic materi
als, like their relatively low sensitivity and non-linear 
responses as well as the tedious chemical development 
have stimulated the search of appropriate alternative 
recording systems in electron microscopy (Krivanek and 
Mooney, 1993; De Ruijter, 1995). The fast development 
of electronic media in the last years has been of consid
erable benefit for ESL Thus, the detection of the low 
level of electrons inelastically scattered by the lighter 
elements present in the specimen makes the use of elec
tronic cameras in almost all the cases mandatory. 

Besides a high sensitivity, the high-quality electronic 
cameras currently in use possess a good spatial resolu
tion, with less or no geometric distortion, are able to 
acquire the images fast, react to changes in the input 
intensity rapidly and last, but not least give signal 
outputs proportional to the incoming energy currents. 

Two sorts of electronic cameras are currently in 
use: the silicon intensified target (SIT) vidicon cameras 
and the solid-state slow-scan charge-coupled devices 
(SCCD). In the first type, a scintillator on top of the 
electronic tube transduces the electrons into photons and 
a photoconductive layer under the scintillator changes its 
resistance in proportion to the total number of photons 
absorbed. An electron beam produced inside the tube 
scans the faceplate and produces an interlaced analogue 
signal compatible with video processor devices, like mo
nitors, frame grabbers, recorders. 

In the SCCD, discrete microscopic wells are built 
on a chip, each well representing a pixel. The wells 
accumulate charge in proportion to the photons collect
ed. After a given time, the electrons accumulated in a 
row of pixels are shifted to an on-chip output amplifier. 
The charge accumulated in the chip is read out by the 
orderly transference of all rows. As in the case of 
vidicon tubes, the SCCD-analogue images are further 
amplified and digitized by separate electronics, resulting 
in images with pixel intensities expressed in digital 
numbers, allowing an uncomplicated processing (Center 
for Light Microscopic Imaging and Biotechnology, 
CLMIB, 1995). 

The SCCD have many advantages over the SIT 
cameras, especially as far as sensitivity, resolution, 
speed, noise, response time and uniformity are con
cerned. Of uppermost importance is the low level of 
"shading" (nonuniformity in the camera, especially in 
the comers of the image scanned) that SCCD exhibit as 
compared to the SIT cameras. Probably the major 
advantage of the SIT camera is its lower price. 
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Great success in the recording and analysis of 
element-specific images in EFTEM has been achieved by 
the application of digital image analysis. Recording 
times of a few seconds when information is digitalized 
and integrated contrast sharply with exposure times of 
up to 100 seconds needed for photographic film materi
al. Computer assistance is an essential component in data 
acquisition, data processing and displaying of results. 

To obtain net elemental maps, the relatively strong 
background signal has to be removed. The photographi
cally recording and subtraction of elemental maps can be 
done by either the rather imprecise, subjective and less 
reproducible photographic approach or by employing an 
image processor. The computer-assisted use of two or 
more reference images and the application of different 
kinds of complex algorithms allows to extrapolate the 
background signal underneath the ionization edge with 
great accuracy. For the calculation of the boron net dis
tribution on sections of material from biological speci
mens embedded in resin, we employed a three-window
method. From two images recorded at energy losses of 
150 eV and 178 eV (width of the energy selecting slit 
was approx. 15 eV) below the boron K-edge, the best 
fitting parameters for the background model curve are 
examined for each of the 765 x 574 pixel and extrapolat
ed for the third image recorded at 201 eV above the 
edge; the difference between the extrapolated back
ground curve and the recorded data at an energy Joss of 
201 e V represents the net element signal. Our micro
scope is upgraded with a Dage SIT camera and connect
ed to the Image Analysis System ESI Vision from 
AnalySIS, Munster (FRG). The newer version (2.1) of 
this analysis program will additionally permit the use of 
multi-window methods for background calculation. 

Immunocytochemical Applications 

The validity of the new approach has been proven 
by labeling different antigens employing either pre- or 
post-embedding methods. A first set of experiments was 
performed using polyclonal goat antibodies directed 
against porcine growth hormone (GR). Fab' fragments 
prepared from them were labeled with the boronated 
peptides and employed for a direct post-embedding 
detection of the antigen in ultrathin sections of porcine 
pituitary embedded in Spurr resin. 

The pituitary gland contains different kinds of 
secretory cells, which can be distinguished by examining 
their morphology. Somatotrophs stand out for their large 
and rather low electron dense secretory vesicles filling 
wide areas of the cytoplasm. Conventional immunogold 
labeling was performed using anti-goat IgG-Au 10nm as 
secondary antibody to examine the subcellular distri
bution of the growth hormone. The labeling was practi-
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cally restricted to secretory vesicles of somatotrophs 
(Fig. 7); other parts of the cells like cytoplasm and 
nuclei were not labeled. Secretory vesicles containing 
hormones other than GR exhibited no gold tags either. 

As the antigen GR occurs in large amounts in these 
organelles, this system served as an excellent biological 
system to allow the reliable development of the ESI
immunocytochemical approach based on the newly 
created boron-rich marker molecules. Since high accura
cy is desired, we used the three-window-method for our 
ESI examinations. Fig. 7c shows the GR-localization by 
means of ESI-immunocytochemistry, an example of the 
labeling using the linear peptide 2 as marker is shown. 
Similar results were obtained using peptide 3 conjugates 
(Kessels, 1996). The net distribution of the marker 
element boron was assessed by recording images below 
and just above the boron edge. The higher brightness of 
the presented 178 e V background image compared to the 
201 eV image reflects the steep declining of the recorded 
intensities at higher energy losses out of which the boron 
edge is rising as it can be observed in the detail of an 
electron energy Joss spectrum shown in Fig. 5. Using 
the three-window method an intense labeling of GR
secretory vesicles was observed. In many cases the 
signal density was high enough to reveal the size and 
shape of the tagged organelles. Other constituents of the 
cells and secretory vesicles of other cell types exhibited 
no boron signals, demonstrating the specificity of the 
labeling procedure. 

A second experimental model was used to confirm 
the validity of the approach: the transepithelial passage 
of proteins from the lumen of the small gut through the 
ilea! enterocytes into the circulation of newborn piglets 
(Nelson, 1932; Brambell, 1959). We employed the 
heterologous bovine serum albumin (BSA) as a model 
protein to follow this process (Sierralta et al., 1994). 
The system was tested by conventional immunocyto
chemistry using a direct reagent (12 nm gold coated with 
F(ab') 2 fragments of polyclonal goat antibodies against 
BSA). Ilea! endocytotic vesicles filled with the antigen 
were observed in the epithelial cells, the vesicles were 
very heterogeneous in size (Figs. 8 and 9). 

The labeling with immunoconjugates bearing 
boronated peptides 2 and 3, respectively, analysed by 
ESI also localized the antigen in the endocytotic vesicles 
(Figs. 8 and 9; Qualmann, 1996; Qualmann et al., 
1996a). Other compartments of the ilea! cells exhibited 
no boron signals. Corresponding to the density of 
antigens present the sizes and shapes of the vesicles 
were again delineated even by the net boron signals 
alone. 

A very exact examination of the localization of 
calculated net boron signals can be performed by 
superimposing them on the conventional zero-loss image 
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(Fig. 9a) or on images at other energy losses generally 
providing a higher contrast of morphological structures 
(e.g., below the carbon edge at an energy loss of 250 
eV). In general, zero-loss images recorded in ESI 
examinations of ultrathin sections of biological materials 
display low contrast, due to their thinness, due to the 
omitted contrasting step and due to the fact that the 
images are collected with wide objective apertures to 
ensure an efficient data collection (e.g., we used an 
objective aperture of 90 µm instead of 60 µm as chosen 
in standard cTEM applications) leading to very light 
images which are no longer optimally recorded by the 
camera. Therefore, for graphical presentations zero-loss 
images have as a rule to be digitally remastered. 

In a subsequent set of experiments the immunoboron 
approach was extended to pre-embedding methods. High 
affinity membrane receptors for lgE present on basophils 
and mast cells (Metzger and Ishizaka, 1982; Kinet, 
1989) are able to induce secretions of mediators leading 
to allergic and inflammatory symptoms. We localized 
the IgE receptor protein FCER I employing the rat 
basophilic leukemia cell line RBL-2H3 first by conven
tional immunogold methods. Colloidal gold of 6 nm in 
diameter coated with the monoclonal rat antibody Jl7 
(Ortega et al., 1988) showed the lgE-receptor protein to 
be localized under the given conditions at the plasma 
membrane (Fig. 10a). The antibody is directed against 
an extracellular domain (Ortega et al., 1988). 

These experiments were followed by subcellular 
examinations based on the immunoreaction with antibody 
fragments labeled with the boronated peptide 3 
(Qualmann, 1996; Kessels, 1996). Boron signals were 
detected at the surface of the plasma membrane and the 
extensions of the cells. Due to the high labeling efficien
cy of the antigen which occurs in approximately 270000 
molecules per cell (Mao et al., 1992), the membranes 
were often drawn by the net boron signals alone (Fig. 
10b). Additionally, the ultrathin sections of the pre
embedded material showed very well the low level of 
interference introduced by Spurr resin in the boron 
detection by ESI. The background signals recorded in 
areas of pure resin were low (Fig. 106). 

In all cases several control experiments were run to 
assess the background noise by omitting the boronated 
probe or by using boron-labeled antibodies directed 
against antigens non-occurring in the material under 
investigation. The results were comparable, unspecific 
labeling was not observed (see Figure Sb, for example). 

The high signal densities obtained were impressively 
seen independent of the experimental model used. The 
labeling efficiencies were estimated to be more than one 
order of magnitude higher than those observed with the 
immunogold labeling method (Kessels et al., 1996). The 
very small, boronated immunoreagents we employed 
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thus confirmed the observations of Horisberger (1981) 
and Yokota (1988), who demonstrated the crucial 
influence of the spatial extension of immunoreagents on 
the achievable tagging frequency. 

The exploitation of the high-resolving power of ESI 
using novel marker compounds like those described 
here, i.e., the full spatial resolution of two or more 
neighbored or even overlapping marker molecules, will 
be left to future experiments. Preliminary results show 
that with our present picture acquisition system a 
magnification of at least 150000x should be used to 
obtain pixel areas small enough (approximately 0.5 nm 
and smaller) to image accurately the intensity distribu
tion of boron signals predicted from the peptide struc
tures, i.e. to display the markers with sufficient preci
sion. 

In general, ultrasmall immunoreagents will allow for 
successful studies on interactions between macromo
lecular domains and between constituents of 
supramolecular complexes by means of high-resolution 
electron microscopy. Since the achievable resolution of 
ESI is high and can be further enhanced by image 
analysis systems (Adamson-Sharpe and Ottensmeyer, 
1981), immunocytochemistry based on ESI/EELS 
techniques may become of great importance. Further
more, immunocytochemistry by ESI-detection benefits 
from the separation of morphological data and marker 
localization data opening the gate for multiple irnmuno
staining not distinguished by different sizes of not 
further characterized electron-dense spots but elemen
tally by ESI-examinations of markers consisting of 
different marker elements. Using modem digital 
superimposure techniques electron microscopy will 
become "colored". 

The actual focussing on the use of boron is due to 
its now well known chemistry (Stock, 1933; Lipscomb, 
1977) and appeared very promising since in addition, the 
study of the distribution and subcellular localization of 
administered boronated compounds represents an impor
tant aspect for boron neutron capture therapy of cancer 
(Locher, 1936; Barth et al., 1990). Also in this context, 
the development of modified head groups with even 
higher boron load and better solubility to be used in our 
dendritic peptide concept represents a promising project. 

Despite the exclusive use of boron so far, this 
element should not remain the only one being potentially 
incorporable into immunoprobes; several other elements 
have been successfully detected by ESI/EELS over the 
last years (Costa et al., 1978; Jeanguillaume, 1987; 
Kopf-Maier and Martin, 1989; Wagner and Chen, 1990; 
Fehrenbach et al., 1994). It will be interesting to see 
what kind of marker elements will be used next. 
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Discussion with Reviewers 

F.P. Ottensmeyer: An improvement I would urge is in 
the presentation, or perhaps even in the acquisition of 
the series of energy loss images. One is not left with the 
impression that anything logical is happening that would 
permit one to arrive at the result of the B-distribution: 
The images at 178 eV are brighter than the one on the 
boron edge at 201 eV. This could be due to photograph
ic processing or possibly an automatic gain adjustment 
of the camera of the microscope. Thus it appears that 
some magic has occurred to get the result. Please com
ment. 
Authors: We agree that the fact that the reference 
images recorded at lower energy losses ( 150 e V, 17 8 e V 
- only the latter are presented in the manuscript) are 
brighter than the boron-specific one (201 eV) might be 
irritating to the reader. However, by looking at electron 
energy loss spectra it becomes clear that this is a 
common situation in most of the cases because of the 
steep declining of intensity with raising energy losses; 
e.g., please consider figure 5: though it is not the 
purpose of this figure, the high intensity of images 
recorded at an energy loss of 178 e V can easily be 
estimated by visual extrapolation. The boron signal 
presented in the figure is, however, clearly distinct from 
the backgroud curve, which can be easily extrapolated 
visually. 

As explained in the text, in the case of ESI record
ings this extrapolation of the background curve is done 
accurately for each pixel: using two reference images 
recorded at 150 eV and 178 eV, the well established 
three-window-method was used to compute the slope of 
the background curve to be substracted from the values 
recorded just above the boron edge. Positive differences 
mean presence of an onset of the curve due to boron 
presence, no differences mean no signal. 

We shortly described the course of electron energy 
loss spectra in our manuscript and also explained the 
three-window-method (see Hardware requirements for 
ESI-lmmunocytochemistry). 
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