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Abstract 

Energy dispersive X-ray microanalysis in STEM 
(scanning transmission electron microscope) of 
freeze-dried cryosections from biological cells 
provides information on the subcellular element 
distribution in terms of dry weight concentration. 
The local dry weight content in the range of 
5-50%, respectively the local water content within 
50 to 95%, in different subcellular compartments 
can be determined by measuring the darkfield 
intensity by means of an annular detector in STEM. 
Calibration is done by measuring the darkfield 
intensity of similarly prepared cryosections from 
dextran-water-solutions in varying concentration. 
Thus, by combining the X-ray microanalytical data 
ev a 1 uated by the continuum method with the STEM 
darkfield values, wet weight concentrations of 
elements in subcellular compartments are obtained. 
The method was applied to fibroblast cells in 
suspension. The reliability of this method is 
compared with other techniques to measure mass 
and intracellular water by electron microscope 
methods. 

KEY WORDS: biological X-ray microanalysis, cryo
section, darkfield electron microscopy, diffusible 
ions, dry weight concentration, freeze-drying, 
intracellular water, STEM, water distribution, wet 
weight concentration 
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Introduction 

The preparation of freeze-dried cryosections 
for electron probe microanalysis in order to 
determine the distributicn of elements in diffe
rent compartments of biological eel 1 s has been 
described by sever a 1 authors ( see e.g., Som 1 yo et 
al., 1977; Somlyo and Shuman, 1982; Hall and 
Gupta, 1983; Hagler and Buja, 1984; Rick et al., 
1982; Roomans et al., 1982; Wendt-Gallitelli and 
Walburg, 1984; Zierold, 1982, 1984a, 1986). The 
method consists essentially of the following 
procedure: 1. Cryofixation of the biological 
specimen, 2. Cryoultramicrotomy, 3. Cryotransfer 
including freeze-drying, 4. Energy dispersive 
X-ray microanalysis of the sections. The obtained 
X-ray spectra are then evaluated by the continuum 
method ( Ha 1 1 and Gu pt a , 198 2 ; St at h am , 197 9 ) 
resulting in element concentrations in terms of 
mMo 1 /kg dry weight. However, with respect to 
investigations on the distribution of diffusible 
ions depending on the physiological state of the 
cell, data in terms of wet weight concentration 
would be much more significant than the physiolo
gically less important dry weight concentration. 
This requires the knowledge of the intracellular 
local water content. Some authors have approached 
this problem by measuring the continuum radiation 
of the X-ray spectrum in the frozen-hydrated and 
freeze-dried state and attributed the difference 
to the local water content (Gupta and Hall, 1981; 
Hal 1 and Gupta, 1979; Saubermann et al., 1981; 
Zs -Nagy et al., 1982). This approach may be 
successful if sections with a thickness of at 
least l;um or bulk specimens are analyzed. For 
ultrathin cryosections thinner than 200 nm as used 
for better spatial analytical resolution this 
method is not appropriate because of two reasons: 
1. The contrast as seen in these frozen-hydrated 
cryosections in a scanning transmission electron 
microscope (STEM) is not sufficient for localiza
tion of ultrastructural details (Hagler and Buja, 
1984; Zierold, 1983, 1985). 2. The electron dose 
necessary for the accumulation of X-ray spectra is 
very high, resulting in considerable mass loss and 
even destruction of the irradiated area which 
makes reliable measurements impossible (Zierold, 
1983, 1985, 1986). 

These problems prompted the development of an 
alternative method to estimate the local water 
content in ultrathin cryosections using their 
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freeze-dried equivalent. After freeze-drying, 
cryosections provide sufficient contrast in 
STEM and exhibit neither mass loss nor contamina
tion by electron irradiation in a cold stage 
equipped STEM (Zierold, 1984a, 1986). In this 
paper the theoretical basis of the method will be 
described, followed by experimental validation. 
Then the application of the method wi 11 be i 11 us
t rated using cultured fibroblast cells. In the 
discussion potentials and limitations of this 
method are compared with other techniques of mass 
measurement in the electron microscope. 

Theoretical considerations 

The basic experimental setup to be considered 
is schematically represented in Fig. 1: In a STEM 
the electron beam with the intensity I0 irradiates 
the cryosection placed on an electron microscopi
cal grid covered by a support film. The electron 
beam generates X-rays, a fraction of which are 
collected by an energy dispersive X-ray microana
lysis system. Transmitted electrons arrive either 
at the central brightfield detector (B in Fig. 1) 
or at the annular darkfield detector (D in Fig. 
1). The darkfield intensity after transmission of 
the support film is I1, the darkfield intensity 
after transmission of the section placed on the 
support film is I1 + I2. 

The evaluation of the X-ray spectra according 
to the continuum method (Hall and Gupta, 1982; 
Statham, 1979, 1981) is shown schematically in 
Fig. 2. The X-ray spectrum consists of peaks 
at characteristic energies, generated by elements 
with the atomic number Z higher than 10, above a 
broad continuum spectrum, also called white 
radiation, w. The continuum radiation w consists 
essentially of 3 portions: 1. the background b 
ca used by interaction of the electron beam with 
the specimen. 2. The part f, caused by the inter
action of the electron beam with the support film. 
3. The extraneous radiation e, caused by interac
tion of uncollimated or scattered electrons with 
the grid, specimen holder, pole pieces, or other 
parts of the microscope column. For each energy 
interval the following equation holds: 

w = b + f + e. (1) 

The main idea in the continuum evaluation method 
is, that b is proportional to the irradiated mass 
in the specimen. In a freeze-dried cryosection b 
is proportional to the remaining dry mass. As the 
area below the characteristic peak P of element a, 
Pa, is proportional to the number of atoms of 
this element in the section, the dry weight con
centration Ca of the element a, usually given in 
mMol/kg dry weight, is given by: 

( 2) 

By comparison with appropriate standard specimens 
containing known element concentrations, any 
unknown concentration Ca can be calculated. 

( 3) 
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( 4) 

The factor g takes into account that the_P/b-value 
depends on the mean atomic number ( Z) of the 
analyzed area. For biological specimens g is pro
portional to Z. The subscript st refers to the 
standard specimen. 

The dry weight portion of a defined area in a 
freeze-dried cryosection can be measured by the 
darkfield intensity in STEM. As known from earlier 
reports, see e.g., Zeitler and Bahr (1962), 
Egerton (1982), Colliex et al. (1984), Carlemalm 
et al. (1985) the darkfield intensity in STEM can 
be described by the equation: 

I 0 (1 - exp(-s · P • t)) (5) 

where s is a scattering parameter, depending on 
the particular electron optical system and the 
mean atomic number of the specimen, p = mass 
density of the specimen, t = specimen thickness. 
Ifs · p • t is much smaller than 1, then 
equation (5) can be written as: 

= Io ( s p t) ( 6) 

According to Fig. 1 the darkfield intensity from 
the film (subscript 1) is: 

I1 = Io ( s 1 p 1 t 1) ( 7) 

The darkfield intensity from the specimen alone 
is: 

I 2 = Io (s2 P2 t2l ( 8) 

The relative darkfield intensity i for a specimen 
pl aced on a support film can be defined as: 

(9) 

The parameters s1, P1, and t1 describing the 
support film can be assumed constant. In freeze
dried cryosections s2 is assumed to be constant, 
because of the very similar elastic scattering 
parameters of dextran, used as standard, and most 
biological molecules present in cells and tissues. 
If also the specimen thickness t2 can be kept 
constant, the relative darkfield intensity i is 
proportional to the mass density P2. This means, 
in the case of a freeze-dried cryosection, that 
the relative darkfield intensity is proportional 
to the dry weight content d. A fully hydrated 
cryosection consists of the dry weight portion d 
and the liquid (or water) portion l with: 

d + l = 1 ( 10) 

In freeze-drying the liquid portion vanishes 
by sublimation of ice. The water is substituted by 
vacuum which does not interact with the electron 
beam. Thus, by applying equations (9) and (10) the 
local water content, as present before freeze-dry
ing, can be determined by measuring merely the 
relative darkfield intensity of a particular area 
in the freeze-dried cryosection. 
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Fig. 1: Schematic drawing of the experimental 
setup: The primary electron beam passes 
the aperture A and scans the specimen s, 
here a cryosection, pl aced on the support 
film f, with the intensity I 0 • X-rays 
(X) generated in the specimen are collect
ed by the SiLi-detector (SiLi). The cent
ral brightfield detector (B) collects 
the unscattered and mainly inelastically 
scattered electrons. The majority of the 
elastically scattered electrons are 
collected by the annular darkfield detec
tor (D). Ii = darkfield intensity caused 
by the support film f, Iz = darkfield 
intensity caused by the bare specimen. 

The liquid concentration of the element a, 
called C1, is then related to the dry weight 
concentration Ca by equation (10): 

(11) 

The wet weight concentration Cw is given by: 

( 12) 

Experimental confirmation 

The preparation of cryosections as used for 
this study has been described elsewhere (Zierold, 
1982, 1984a, 1986). The freeze-dried cryosections 
were studied in a Siemens Elmiskop STl00F, a 
scanning transmission electron microscope equipped 
with a cryotransfer system and a cold stage. The 
temperature of the specimen in the electron 
microscope was kept at 138 K. X-ray spectra were 
analyzed by an energy dispersive SiLi detector 
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Fig. 2: Schematic drawing of a typical energy-dis
pers i ve X-ray spectrum: The element a 
causes a characteristic peak Pa above 
the white continuum spectrum w. The 
continuum is composed of the portion b, 
generated in the specimen, the portion f, 
generated in the support film, and the 
portion e, the extraneous radiation, 
caused elsewhere in the column of the 
electron microscope. 

£-2..9..:_i:. Cal ibratinn curve for potassium, measured 
by X-ray microanalysis of freeze-dried 
cryosections from KCl-dextran solutions. 
The measured potassium concentration 
values are found after evaluation by the 
Link Quantem FLS program. 

(nuclear semiconductor) and a Link microanalysis 
system using the Quantem FLS program for film and 
holder correction. The specimen was tilted by 30° 
towards the horizontally positioned X-ray detector 
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which was 12 mm apart. X-ray microanalysis was 
performed at 100 kV accelerating voltage with an 
objective aperture of 50;um and 4 n/1. beam cur
rent while scanning areas were varying usually 
from 7 x ll;um2 to 70 x 110 nm2. 

Mixtures of 20% dextran and electrolyte 
solutions (NaCl, KCl, MgS04, KH2P04, CaCl2) in the 
concentration series 200, 100, 50, 25 mMol/1 were 
used to prepare standard samples for the cal ibra
tion of dry weight concentrations for Na, Mg, P, 
S, Cl, K, Ca. The cryosections were cut dry at 
nominal thickness of 70 nm. Due to compression 
caused by cutting the effective section thickness 
was about 100 nm. Only cryosections with ice 
crystal damage less than about 50 nm in diameter 
were used for X-ray microanalysis. Fig. 3 shows 
for example the linear relationship of the measur
ed and theoretical K concentration, as obtained 
after evaluation and background correction by the 
Link Quantem FLS program. The energy interval 
between 4.2 and 6.2 keV was used for background 
correction. 

The mass measurements with the annular 
darkfi el d detector were done with an objective 
aperture of 30 f'Jm and a beam current of 1. 3 nA. 
The irradiation half angle was less than 10 mrad. 
The inner and outer half angles of the darkfield 
detector were 12 mrad and 94 mrad, respectively. 
The measurements in one particular cryosection and 
in the related film area were performed at con
stant photomultiplier and amplifier settings. For 
calibration measurements dextran was mixed with 
water in weight concentrations between 5% and 50% 
and prepared in the same way as described above. 

The linear relationship between the relative 
darkfield intensity and the irradiated mass as 
suggested by equation (9) was tested by ruptured 
support films which partly overlapped each other 
several times. This is shown by Fig. 4. Fig. 5 
shows the results obtained from the er yo sect ions 
with varying dextran content. The relative dark
field intensity values are in the same range as in 
Fig. 4, supporting the assumption of the linear 
relationship between mass and relative darkfield 
intensity. The calibration line in Fig. 5 can be 
expressed by the equation 

d = d0 • ( i - 1) ( 13) 

The calibration factor d0 depends on the particu
lar electron optical conditions. In the case des
cribed here is d0 = 0.25. This method allows 
the measurement of the local dry weight content 
between 0.05 and 0.5, respectively the local water 
content between 0.5 and 0.95 with an accuracy of 8 
to about 15% as indicated by the bars in Fig. 5. 
The spatial resolution is determined by the 
electron probe diameter, the ice crystal damage 
and the mi croroughness of the sect i ans. The 
scanned area should be larger than the ice crystal 
size in the section in order to average mass 
thickness differences caused by ice crystal 
damage. The maximal ice crystal damage tolerated 
in freeze-dried cryosections for X-ray microanaly
sis is about 50 nm. Cryosections undergo compres
sion during cutting which results in unidirec
tional thickness variations with a period of 
150-300 nm (Zierold, 1984b). Thus, the spatial 
resolution of the STEM darkfield method to 
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measure the local water content ranges from 50 nm 
to 300 nm depending on the morphology of the 
particular cryosection. 

Application to biological cells 

The method was applied to a suspension of 
fibroblast eel ls. Fig. 6 shows a freeze-dried 
cryosection of a fibroblast cell in the ratio 
image contrast (brightfield/darkfield). Fig. 7 
shows the corresponding darkfield image. The 
contrast in Figs. 6 and 7 is essentially deter
mined by the darkfield signal, and this depends on 
the mass thickness. In Fig. 6 the brightness is 
approximately proportional to the local water 
content, in Fig. 7 the brightness represents the 
local dry mass. Table 1 summarizes dry weight and 
wet weight concentrations of elements found by X
ray microanalysis and STEM darkfield measurements 
in different subce 11 u l ar compartments. The water 
content of the nucleus is slightly higher than in 
the cytoplasm. As expected, mitochondria contain 
more dry weight than the cytoplasm and the nuc
leus. The differences in the dry weight element 
concentrations with respect to these three diffe
rent compartments are reduced after relating the 
element concentrations to the local water content. 
This finding has to be studied in more detail by 
future experiments. 

In principle, also the ion concentration in 
the extracellular liquid can be determined. 
However, the very low dry weight concent ra
t ion causes very high standard deviations in 
the calculation. 

The conversion of dry weight concentrations 
into wet weight concentrations is just a formal 
procedure. The element concentration values 
in Table 1 are related either to the dry matrix or 
to the water content in the eel l without respect 
to the actual state of these atoms. The data give 
no information on activity and do not prove if and 
to which amount the elements in the living cell 
are dissolved in the water or bound to organic 
molecules. 

Discussion 

One reason for the wide application of the 
continuum method in quantitative evaluation of 
X-ray spectra in biological microanalysis is that 
it is based on the measurement of a relative 
quantity (p/b). No absolute quantities have to be 
determined (Marshall and Hall, 1968; Hall and 
Gupta, 1979; Gupta and Hall, 1981). Neither 
the amount of elements nor the organic dry mass 
have to be determined absolutely. Indeed, the 
measurement of any absolute mass content by X-ray 
analysis is complicated, because of the different 
contributions to the continuum radiation as 
des c r i bed by e q u at i on ( 1 ) and sch em at i ca 11 y 
illustrated by Fig. 2. There are many reports in 
the literature on the problem of how to separate 
clearly the different continuum portions in order 
to obtain the absolute background b caused by 
the spec i men ( Go l d st e i n and W i l l i ams , 19 7 8 ; 
Statham, 1979; Roomans and Kuypers, 1980; Grote 
and Fromme, 1981; Heinrich, 1982; Nicholson et 
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Relative darkfield intensity, obtained 
from carbon-coated film layers. 
Relative darkfield intensity obtained from 
freeze-dried cryosections of dextran-water 
solutions with varying dry mass content. 
STEM ratio image (brightfield/darkfield) 
of a cryosection of a fibroblast eel l in 
suspension. C = cytoplasm, M = mitochon
dria, N = nucleus. Assuming the validity 
of equation (10), the brightness repre
sents the water content. Bar= lf1Jm. 

Fig. 7: STEM darkfield image of the section shown 
in Fig. 6. Assuming the validity of 
equation (10), the brightness represents 
the dry mass content. Bar= lj1Jm. 

717 

Table 1 

x+S.0. nucleus cytoplasm mitochondria 
n-;-10 

d 0.14 + 0.03 0.17 + 0.04 0.33 + 0.10 

Na 89 + 24 61 + 11 33 + 8 
12 + 3 10 + 3 11 + 4 

Mg 77 + 19 68 + 21 52 + 14 
11 + 5 12 + 6 20 + 12 

p 548 + 168 360 + 83 234 + 73 
77 + 33 59 + 19 82 + 32 

s 249 + 61 176 + 28 140 + 36 
35 + 12 29 + 10 50 + 27 

Cl 141 + 26 124 + 60 20 + 7 
19 + 5 19 + 7 7 + 3 

K 626 + 162 372 + 83 165 + 60 
87 + 32 61 + 21 60 + 42 

Ca 

Element distribution in different compartments of 
fibroblast cells in suspension. d = mean dry 
weight portion. The upper values of element 
concentrations are dry weight concentrations in 
mMol/kg dry weight, the lower values are wet 
weight concentrations in mMol/kg wet weight. x = 
mean value, S. D. = standard deviation, n = number 
of measured cells. 
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al., 1982; Ryan et al., 1984; Warner et al., 
1985). Linders et al. (1981, 1982a, 1984) have 
compared different methods of mass measurement in 
the electron microscope. They conclude that the 
data obtained from the transmitted electron signal 
are more accurate than those derived from the 
X-ray analysis. Extraneous effects on the trans
mitted electron signal are negligibly small in 
comparison with the situation in X-ray analysis. 
This could be confirmed by experiments on freeze
dried cryosections in STEM. 

Recently, Ingram and Ingram (1983) have 
presented an X-ray analytical method to measure 
the i ntracel l ul ar water di stri but ion by use 
of sections of freeze-dried and embedded biologic
al material. They start from the consideration 
that during the embedding process the intracellu
lar water is replaced by plastic. After dissolving 
an element in the fluid plastic which is not 
expected in the biologial specimen - in this 
particular case bromine - the specimen is embedded 
in this labeled plastic. The bromine concentration 
measured by X-ray microanalysis is then a measure 
of the local water content. However, in some cases 
the embedding step might influence the element 
distribution (Roos and Barnard, 1985). Therefore, 
the possibility of element redistribution by 
plastic embedding has to be considered carefully 
in each particular biological investigation. 

Electron signals from the specimen provide 
X-ray independent measures for the local dry mass. 
In principle, backscattered electrons can be used 
for the determination of the local dry mass 
(Niedrig, 1978; Linders, et al., 1982a; Linders 
and Hagemann, 1983). However, this method requires 
specimens, which are much thicker than ultrathin 
cryosections. The backscattered electron intensity 
expected from ultrathin cryosections is not 
sufficient to provide reliable mass measurements. 

The transmitted electrons signal is well 
known to account for local mass thickness informa
tion. Originally, the electron beam attenuation 
according to Beer's law was used as a measure for 
local mass thickness in the electron microscopical 
specimen (Marton and Schiff, 1941; Burge and 
Silvester, 1959; Zeitler and Bahr, 1962, 1965; 
Bahr and Zeitler, 1965; Wall, 1979; Pozsgai and 
Barna, 1983; Sikl6s, 1983). This method was 
applied very often to determine the local mass 
thickness of biological specimens by measuring the 
transmitted electron intensity by use of microden
sitometry of the irradiated photographic film 
(Linders et al., 1982a and b, 1985) or by measur
ing the STEM brightfield intensity (Halloran et 
al., 1978). However, the brightfield signal in 
STEM is composed by the i nel astical ly scattered 
and unscattered electrons. The latter reduce the 
contrast obtained from two areas with different 
mass thickness. 

The annular darkfield detector in STEM 
very efficiently collects electrons scattered 
elastically by the specimen (Langmore et al., 
1973; Engel, 1978; Wall, 1979; Crewe, 1983). 
Freeman and Leonard ( 1981), Moses son et al. 
(1981), Di Capua et al. (1982), Johnson and Wall 
(1983), and Steven et al. (1983) have used 
the relationship between STEM darkfield and mass 
thickness to determine the molecular weight of 
biological macromolecules and isolated vesicles. 
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Experiments on ultrathin freeze-dried cryosections 
have shown that a specimen contrast causing the 
darkfield intensity to change by the factor of 3 
induces a brightfield intensity difference of 
merely 25%. This example illustrates the advantage 
of STEM darkfield measurements for mass thickness 
determination with respect to accuracy and prec i -
sion, as already evident from comparison of STEM 
imaging conditions for unstained biological 
sections (Hosoi et al., 1981a; Zierold, 1985). 

Measurements and cal cul at ions by Egerton 
(1982), Engel and Reichelt (1984), Reichelt and 
Engel (1984, 1985), Reichelt et al. (1984, 1985), 
Colliex et al. (1984), and Carlemalm et al., 
(1985) indicate that in a rather small range of 
mass thickness the electron energy loss signal 
provides mass information with similar accuracy. 
However, the electron energy loss signal declines 
at considerably smaller mass thickness than the 
annular darkfield signal, until even contrast 
reversal occurs. Lamvik (1978) has measured the 
mass per unit length of muscle thick filaments by 
using the inelastically scattered electrons. Hosoi 
et al. (1981b) have studied the specific thickness 
of critical-point-dried cultured fibroblast cells 
by electron energy loss spectroscopy (EELS). 
Leapman et al. (1984) recommend EELS as an 
X-ray microanalytically independent method to 
determine the local mass in thin biological 
specimens. However, it remains to be clarified in 
future experiments whether the mass thickness of 
freeze-dried cryosections is thin enough, even in 
electron dense compartments such as mitochondria 
or dense granules, in order to avoid multiple 
scattering which causes deviations from the 
linearity between mass thickness and EELS signal. 

Thus, the STEM darkfield intensity measure
ment turns out to be an efficient and easy method 
for local mass determination in freeze-dried 
cryosections. The high sensitivity for variations 
in the local water content is based on the fact 
that freeze-drying substitutes water by vacuum 
with the electron scattering cross section zero, 
distinctly different from the scattering cross 
section of the remaining dry mass. A further 
adv ant age of this method is th at only two short 
measurements are required: The darkfield intensity 
from the cryosection (!1 + Iz) and from the film 
only (I1)- Since the mass is derived from the 
ratio i = (!1 + I2)/!1 the method is independent 
of longtime variations in the intensity of the 
primary electron beam, the sensitivity of the 
scintillator crystal, the characteristics of the 
photomultiplier and the amplifier. 

However, a critical parameter in this method 
is the section thickness tz as can be seen in 
equation (9). Despite the first results presented 
in Table 1 further experience is required to judge 
whether the quality of cryosections as produced by 
present cryoultramicrotomy is sufficient for 
reliable mass measurements. Cryosections are known 
to be compressed by the sectioning process as can 
be seen very often by unidirectional compression 
lines (Zierold, 1984b). It is unknown whether this 
deformation occurs uniformly in compartments with 
different water content. In any case the reprodu
cible section thickness is a prerequisite for 
reliable mass measurements in the electron micro
scope. 
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Conclusions 

Freeze-dried ultrathin cryosections of biolo
gical eel ls contain information on the di stribu
t ion of elements and organic mass. Dry weight 
concentrations of elements are measured by energy 
dispersive X-ray microanalysis and evaluated by 
the continuum method. Assuming that the dry mass 
distribution represents the complementary water 
distribution, the local water portion can be 
determined by relative darkfield intensity mea
surements in STEM. The combination of both methods 
provides local wet weight concentrations of ele
ments. Both methods derive advantage from the fact 
that they are based on the measurement of relative 
physical quantities. Thus, inaccuracies caused by 
instrumental parameters are reduced. However, the 
reliable determination of the local mass and water 
content by relative darkfield intensity measure
ments requires cryosections of reproducible 
thickness. 
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Discussion with Reviewers 

F . D . I n gr am : The Rutherford s c at t er i n g c r o s s 
section is a function of z2/E2. Does this not 
imply that the scattering coefficient, s2, in 
eq. (8) is more a function of Z than sample 
density? Assuming uniform sample thickness, how 
can it be determined that the electron image 
contrast differences among dried cytoplasmic 
material, mitochondria, and nuclear material is a 
function of water content and not Z? 

R. Reichelt: The derivation of eq. (9) from eq. 
(5) is not clear to me. According to the paper by 
Colliex et al. (1984) you mentioned, on page 189, 
the annular detector (AD) signal is given for very 
thin specimen as: 

where Ae is the mean free path between two 
sequential elastic events. Ae can be estimated by 
the relation Ae = 1/Nae where /\e represents the 
elastic electron scattering cross section, depend
ing only on the electron energy and the atomic 
number, and N is the number of atoms per volume. N 
is given as N = P ·L/A (where p: mass density of 
the specimen, L: Avogadro's number, A: atomic 
weight; cf. Zeitler & Bahr, Exper. Cell Res. 11_ 
(1957) p. 48). It means t/Ae = ae(L/A)p·t and 
comparison with your eq. (6) shows that the scat
tering parameters is given bys= ae·L/A. In case 
of specimens composed of different atoms with 
various atomic numbers the mean values of ae and 
A have to be used (Reichelt & Engel, (1984); 
Coll iex et al., (1984)). Using typical values for 
<Jeand A (cf. Tab. IB, Colliex et al., 1984), s 
depends on the composition of the volume irradiat
ed (for example: Carbon: 4.14•104 cm2/g; protein: 
3.83·104 cm2/g; ice: 3.32·104 cm2/g). In your eq. 
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(8) identical s for areas with different composi
tion is used. Could you make a statement to 
that? 

Author: The scattering parameter s depends on the 
atomic number Z. However, in the case of freeze
dried sections of biological cells a mean value of 
s for the different intracellular compartments 
can be tolerated. 
In the paper of Carlemalm et al. (1985), cited in 
the text, Table II, p. 288 several values of s 
are given. They are (in units of m2/g) for carbo
hydrate (dextran) 3. 55, protein 3.64, lipid 3. 76, 
nucleic acid 3.91. With regard to these data the 
correction of the values measured in cell nuclei 
(Tab. 1) by the factor 0.91 would be appropriate. 

M.K. Lamvik: In equation (6) you assume that s• 
p•tis much smaller than one (i.e., the specimens 
are thin), but near the end of your paper you 
suggest that the cryosections are too thick to 
allow the use of an electron energy loss spectro
meter to measure them. Si nee the i ne 1 ast i c mean 
free path is only about half the elastic mean free 
path for typical organic specimens, why does the 
same thickness lead to such different suggestions 
for the two methods? What is the value of the 
elastic mean free path ( 1 /s · P) that you have 
measured for your cryosections? 

F.D. Ingram: What are t_he requireme_nts on sample 
thickness and accelerating voltage imposed by the 
factor p, sand t of equation (8)? 

Author: At 100 kV the scattering parameters of 
dextran (P = 1.5 g/cm3) is 3.55 m2/g (Carlemalm et 
al., 1985, cited in the text). The elastic mean 
free path in a freeze-dried cryosect ion of a 
solution composed of 50% dextran and 50% water is 
then approximately 400 nm. This is well above the 
section thickness of 100 nm. However, in the case 
of electron-dense particles containing heavy 
elements multiple scattering cannot be excluded. 
The linear relationship between relative darkfield 
intensity and dry weight portion depends on the 
condition s·P·t<< 1. This means that the section 
thickness t must be distinctly smaller than the 
elastic mean free path (1/s·p). The elastic mean 
free path increases with the accelerating voltage. 

P. Linders: The assumption of constant section 
thickness and equation (10) require for any 
measured relative darkfield intensity value i the 
non aqueous part to have a uniform or constant 
density. For a constant liquid fraction, the dry 
mass density must be constant. This puzzles me; 
what about granular inclusions or dense particles? 
Please clarify. 

Author: According to equation (9) the relative 
darkfield intensity measures the mass thickness 
P·t. Provided that the section thickness is con
stant and the scattering parameter s of the dry 
matrix is similar to that of the standard (dex
tran), then the measured relative darkfield 
intensity value i is proportional to the dry 
weight portion d. The liquid portion 1 decreases 
with increasing dry weight portion d. For example 
condensed protein structures such as mitochondria 
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turn out to have higher dry weight portions than 
e.g. cytoplasmic areas, and consequently the 
liquid portion l is usually lower in mitochondria 
than in the cytoplasm. However, the dry weight 
portion of granules with a scattering parameter 
distinctly different from that of the standard has 
to be evaluated by use of an atomic number-depen
dent correction factor, as mentioned above. 

M.K. Lamvik: You define the "relative darkfield 
intensity" as i=(I1+I2)/!1, where 11 is the inten
sity recorded from the substrate film. Yet in Fig. 
5, the intercept gives zero intensity for a cryo
sect ion of 100% water content, implying th at the 
data have been renormalized to no longer include 
the substrate film. Caul d you describe this part 
of your method in more detail, relating it to the 
measurement of an unknown cryosection? 

Author: As can be seen in Fig. 5, for a section, 
which had 100% water content in the frozen-hydrat
ed st ate, i wi 11 be 1, in agreement with equation 
( 9). 

M.K. Lamvik: If you measured an adipocyte where 
the fat droplet had P < l, it appears that your 
method would indicate a water content greater than 
100%. How sensitive is your method to differences 
in density? 

Author: This would not be the case. As can be seen 
by equation (9) and by Fig. 5, any dry weight 
portion greater than zero causes a relative 
darkfield intensity value i greater than 1. The 
accuracy of the darkfield signal depends on the 
photomultiplier noise. The error in the darkfield 
intensity measurements is between 5 and 10%, which 
results in the absolute error of +0.02 in the 
determination of the dry weight portion d. 

F.D. Ingram: Precisely how sensitive is the method 
to variations in section thickness: a) point-to
poi nt within the sample, and b) section-to-sec
tion? 

M.K. Lamvik: The errors in your proposed method 
are estimated as 8 to 15%, based on error bars in 
Fig. 5. Could you describe how the error bars were 
determined? 

Author: The calibration curve in Fig. 5 is based 
on at least 6 measurements at each dextran concen
tration used (5%, 10%, 20%, 30%, 40%, 50%). Each 
measurement was done in a different section. There 
was negligible variation in one and the same sec
tion. The error bars drawn in Fig. 5 represent 
the standard deviation of the data obtained from 
at least 6 different sections. 

R. Reichelt: How is the thickness of ultrathin 
cryosections estimated? What is the extent of 
local thickness variation? 

M.K. Lamvik: As you point out, your method is 
accurate only if the section thickness is con
stant. It seems difficult to cut a series of 
cryosections that have equal thickness within 10%. 
How do you measure the thickness of the cryosec-
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tions? What variations in thickness have you 
observed? 

F.D. Ingram: How much section-to-section thickness 
variation is encountered in samples sectioned at 
low temperature? 
How does the well-documented 
accompanies freeze-drying of 
interpretation of your data, 
cular, eqs. 9 and 10.? 

shrinkage that 
tissues affect 
and in parti-

H.K. Hagler: How much uncertainty would be intro
duced in the wet weight concentrations if the 
section thicknesses were only known to be within 30%? 
Please discuss how this would affect measurements 
taken from sections produced at different times. 

Author: The section thickness was not measured. 
All sections were cut by the Reichert FC4 Ultracut 
cryoultramicrotome at a temperature below 170K. 
The advance settings were kept constant at 70 nm. 
The obtained sections appeared clear and similar 
by light microscoµic observation in the cryoultra
microtome chamber. Also the electron optical 
density of sections on the same grid seemed to be 
approximately the same as observed by STEM dark
field contrast, in particular in the standards. 
Some few curled sections allowed to measure their 
edge width directly in STEM, which was found to 
vary between 90 nm and 120 nm. Variations in 
section thickness were caused partly by inhomo
geneous compression caused by cutting. Freeze-dry
ing-induced shrinkage was probably uniform in 
sections of standards containing the same dry 
weight concentration, however, in sections of 
eel lul ar material the possibly inhomogeneous 
shrinkage could be one source of error in the 
evaluation of the dry weight portion. 
As can be seen by equation (9), the relative 
darkfield intensity i is proportional to the 
product p·t. Therefore, any thickness variation 
wi 11 cause a proportional variation of the dry 
weight portion d. Thickness variations in sections 
cut at different times were not studied explicit
ly. However, the standard sections containing 
different dry weight content for establishing the 
calibration curve of the relative darkfield 
intensity (Fig. 5) were prepared at several days. 
The variation of the measured data is within the 
error bars, shown in Fig. 5. Further experiments 
are required to test whether the thickness of 
er yo sections from ce 11 u l ar material can be kept 
constant on a long time scale. 

P. Linders: The maximum ice crystal size allowed 
in the analyses is 50 nm diameter. In the smallest 
scan frame (70 x 110 nm2), one such crystal 
occupies ca. 25% of the area (and volume?). To 
what extent have such crystals influenced your 
measurement accuracy and precision? 

Author: If the size of the electron probe is about 
the same as the ice crystal damage, then large 
intensity variations are observed because of the 
high effective thickness variations between holes 
left by the sublimed ice and condensed dry matrix 
segregations. If the probe size is much larger 
than the ice crystal damage, then the signal is 
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averaged over these thickness variations. 

F.D. Ingram: How thick were the films used for 
Fig. 4? Because Fig. 4 provides interesting data 
on the region of 1 i neari ty for the method, it is 
of some interest to know the thickness of the film 
in absolute units. 

Author: The film consisted of Pioloform FR 
coated by a 20 nm thick layer of carbon. The total 
thickness of the film was measured to be about 
50 nm according to imaging of contamination spots 
on the warm support film at different tilt angles. 

F.D. Ingram: How sensitive is the method to cali
bration of the photomultiplier signal? How is 
the relationship checked on a day-to-day basis. Is 
the signal linearity dependent upon microscope 
parameters and signal levels? 

Author: Test measurements under different amplifi
cation conditions have shown that the linearity of 
the curve shown in Fig. 4 did not vary in the 
observed amplification range. Long time variations 
in the signal stabi 1 ity have to be checked in the 
future. 

R. Reichelt: I am confused by your interpretation 
that Fig. 4 proves the linear relationship between 
mass and relative darkfield intensity i. Using eq. 
(9) to evaluate i of a partly overlapped ruptured 
support film, one gets i = l+t2/t1. For one layer, 
i.e. t2 = 0, eq. (9) reveals i = 1 in agreement 
with Fig. 4. For two layers, i.e. t2 = t1, eq. (9) 
gives i = 2 in contrast to 1.75 shown in Fig. 4. 
Finally, for three layers I expect i = 3 in 
contrast to 2.5. This deviation may indicate 
already the influence of plural scattering. Do you 
agree to my guess? 

P. Linders: Fig. 4 is supposed to illustrate the 
linear relation between the relative darkfield 
signal and the dry mass. How do you explain that 
with two (or three) film 1 ayers the relative 
darkfield signal is not equal to two (or three) 
times the signal from one film layer? 

Author: Actually, the darkfield signal is superim
P o s e d ··on a b i as s i g n a 1 i n s u c h a way t h at t h e 
darkfield intensity I = a+k·t, where a= bias 
signal, t = specimen thickness and k = proportion
ality constant. Therefore, n film layers generate 
the relative darkfield signal 

a+n·k·t (n-l)·k·t 
=l+----

a+k·t a+k·t 

This signal is still proportional to the number of 
film layers as shown in Fig. 4. I do not expect 
multiple scattering effects in the observed 
thickness range, except for the upper right end 
of the curve shown in Fig. 4. 

R. Reichelt: How can one interpret the results of 
eq. (11) using the following values ford? 

d 0.5 then C1 = Ca, and 
d = 1.0 then C1 - co , i.e. not defined. 

Author: d = 0.5 or C1 = Ca means that dry weight 
portion and 1 iquid portion are equal. Consequent
ly, the dry weight concentration equals the liquid 
concentration. The wet weight concentration is 1/2 
of the dry weight concentration. 
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If d = 1, then the liquid concentration is 0. The 
specimen was completely dry already before freeze
drying. Consequently, the liquid concentration 
C1 is not defined. 

P. Linders: Is the contrast in Fig. 6, the ratio
contrast, independent of the relative amplifica
tion and de level shifts of both brightfield and 
darkfield signals? If not, almost any contrast can 
be generated from a given specimen, and then Fig. 
6 certainly does not represent a "water picture". 
Please comment. 

Author: Of course, the contrast depends on the 
amplification of the brightfield and darkfield 
signals. The brightness represents the water 
content only qualitatively, not quantitatively. 

M.K. Lamvik: Your data have been presented as 
relative intensities. Other units would make 
comparisons more convenient. Assuming the bright
field (lb) and darkfield (Id) detectors have 
equal gains and the specimens are thin enough, the 
elastic signal le/lo is roughly approximated 
by Jd/(Jb+ld)· Could you say what one unit of 
"relative darkfield intensity" in Figs. 4 and 5 
would be in terms of this darkfield-to-total 
ratio? 

Author: In principle, it should be possible to use 
also the darkfield-to-total ratio for mass mea
surements in STEM. However, this requires two 
measurements for each point instead of one (only 
the darkfield), as described. Usually, the bright
field and darkfield amplifications are different. 
Therefore, I am not able to easily convert the 
relative darkfield intensity values to darkfield
to-total ratios. 

F.D. Ingram: Could the continuum signal that you 
monitor routinely for elemental concentration 
determination using the p/b method be ratioed 
with the film continuum and calibrated to provide 
sample dry solids content in a manner similar to 
that described using the scattered beam? There 
might be advantages to using the continuum signal 
instead of the scattered beam for this purpose. It 
makes use of avai 1 able data, and because it does 
not require an independent measurement, it might 
be simpler and more straightforward to interpret. 
The argument has been presented that the continuum 
determination is inaccurate because of scattered 
beam, etc. If it is not sufficiently accurate for 
total solids determination, how can its use be 
justified for elemental concentration measurement? 

Author: I agree with your arguments to measure 
the dry mass portion by the X-ray continuum 
signal. Unfortunately, experiments to estimate the 
local dry weight content in freeze-dried cryosec
tions from X-ray continuum measurements resulted 
in too 1 arge scattering of data. The correct 
determination of the extraneous background 
turned out to be very critical. The peak-to-back-
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ground ratio, however, was found to be much less 
sensitive for errors in the continuum measure
ments. Perhaps your suggestion will be realized in 
the future by an improved evaluation program. 

R. Reichelt: The precise quantification of the 
con cent ration of an element X requires an exact 
knowledge about the fractions f+e of the con
tinuum radiation in equation (1). Is there a 
certain proof that the fraction f+e does not 
depend on the specimen and its scattering proper
ties, respectively? 

Author: Basically, the fraction f+e depends also 
on the specimen. However, the influence of an 
ultrathin section composed only of low atomic 
number elements should be extremely small in 
comparison with the total amount of e+f, measured 
in the absence of any specimen. 

F .D. Ingram: Mass loss is a fact of 1 ife in elec
tron microscopy. The nature of loss and rate of 
loss appear to be altered by use of a cold stage, 
but there is no agreement that it is entirely 
eliminated. Is it not necessary that you establish 
that each measurement is sufficiently free of mass 
loss to permit interpretation of data in terms of 
tissue solids content and hence water content? 

Author: Of course one prerequisite of quantitative 
X-ray microanalysis is that the specimen does not 
change during the measurement. Neither mass loss 
nor contamination is observed in completely 
freeze-dried sections, studied in the cold stage 
of the STEM at 138 K. However, even small amounts 
of water remaining in the section induce remark
able mass loss, which affects the quantitative 
evaluation of the obtained data. 
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