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A variety of 3D electron microscopy techniques provides biologists with nanoscale ultrastructure that
underlies the mechanisms for a wide range of important cellular processes. These methods include serial
block-face scanning electron microscopy (SBF-SEM) and focused ion beam scanning electron microscopy
(FIB-SEM) (1-3). In both these approaches, embedded blocks of cells or tissues are imaged in a scanning
electron microscope using the backscattered electron signal generated by scattering of electrons from
heavy-atom stain incorporated into the biological specimens after fixation and prior to
embedding. Optimization of sample preparation is crucial for obtaining the best results from SBF-SEM
and FIB-SEM. Too little stain produces images with poor signal-to-noise ratio, which reduces visibility
of ultrastructure, and can also result in deleterious specimen charging, yet too much stain can mask subtle
ultrastructural features. In the acquisition of 3D images of ultrastructure using SBF-SEM, the fluence of
incident electrons is limited to approximately 20 electrons/nm2 due to shrinkage of the block caused by
radiation damage. If higher doses are used, the specimen block will not cut evenly at smaller cutting
increments (4).

Here, we demonstrate a straightforward technique for determining stain density in embedded biological
specimens using conventional bright-field TEM imaging of sections that are cut from the same blocks that
are subsequently analyzed by SBF-SEM or FIB-SEM. The robustness of the method is demonstrated for
sections cut at a thickness from 100 nm to 750 nm, and the same stain density is obtained regardless of
the specimen thickness, or whether there is mass loss caused by electron irradiation, and the measurements
and analysis can be performed in a few minutes (5)

Based on the observed lack of contrast in unstained embedded biological structures, it is assumed here
that the unstained biological material does not attenuate the primary electron beam due to elastic
scattering more than the surrounding clear (unstained) resin. This is expected since the light atoms in the
resin have approximately the same mass as the atoms in the biological tissue or cells. For a plastic
section of thickness t containing embedded cells or tissue and regions of pure embedding medium, we
can write:

2h np on = (L/t) In(lresin/lceir)

where ny is the number of heavy atoms of stain of type h per unit volume, on is the elastic scattering
cross section of heavy atom h, lcen is the transmitted fluence through the cell, and Icen is the transmitted
fluence through the pure resin. The total number of heavy atoms of stain per unit volume is given by:

N = [t Zh f Oh]_lln(hesin/lcell)

where fn = nn/ny .
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Accurate solid-angle differential scattering cross sections, as a function of scattering angle 6, are now
available as a Standard Reference Database SRD 64 from the National Institute of Standards and
Technology (6,7). We have used this database to integrate the differential cross sections over scattering
angles subtended by a 10-mrad semi-angle objective aperture in a 300 ke\VV TEM for atoms of osmium,
lead, and uranium.

The use of this method to determine the concentrations of stain in a block of mouse brain prepared for
SBF-SEM is illustrated in Figure 1, which shows bright-field images of sectioned mouse brain of
nominal thicknesses of 0.25 um, 0.5 um, 0.75 pum, and 1.0 pum, recorded at a beam energy of 300 keV.
A plot of In(lresin/lcen) as a function of specimen thickness t in Figure 2 shows a straight line through the
origin with a slope of 1.44 + 0.06 x 10 nm™. After dividing by the elastic cross section of 0.00085 nm?
is obtained for the Pb cross section for semi-angle 10 mrad, we obtain a stain density of 1.70 £ 0.07
heavy atoms per nm®. This specimen was prepared using the UCSD NCMIR protocol (8).

We have tested the method on three specimens with different levels of staining and the results appear to
be consistent; blocks prepared with the UCSD NCMIR protocols have the highest stain concentration,
and samples prepared for thick-section STEM tomography have a stain concentration that is a factor of
between 3-5 times smaller.

Since the number of light atoms from the resin and biological material do not appear in the expression
for the stain concentration, the number of heavy atoms per unit volume is computed directly. The
inverse product of the thickness and the scattering cross section in this expression has units of nm=, so
that the measurement needed to determine the stain concentration is a dimensionless quantity that is
independent of the light atoms. This makes the method very robust with respect to mass loss during
bright-field imaging, or contamination deposited on the section while being imaged in the column of the
TEM.

In our experience, considerable time is wasted by imaging specimens in which the stain concentration is
not well suited to the imaging technique, and it is often not possible to assess the stain concentration by
inspection of the specimen in the optical microscope, since even at low concentration osmium causes
black staining of the block, whereas lead and uranium are not easily visible. The method described here
can be applied very quickly, simply by recording a few bright field images. Moreover, it is not
necessary to use a 300-keVV TEM, and measurements can be made just as easily at beam energies of 100
or 120 keV (9).
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Figure 1. Analysis of bright-field TEM images I(x,y) from sections of mouse brain in specimens of
different thicknesses: (A) 250 nm; (B) 500 nm; (C) 750 nm. Corresponding computed images of
In[lresin/I(X,y)] are shown in (D) for the 250-nm section; (E) for the 500-nm section; and (F) for the 750-
nm section. Values for Iresin Were obtained by averaging the intensity of the pixels contained in regions
of clear embedding resin surrounding the cells. Scale bar =2 um.
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Figure 2. Plot of the mean value of In[lresin/1(x,y)] versus specimen thickness t for a sample of mouse
brain sample. The points are fit by a straight line through the origin.
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