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A B S T R A C T  

A description is given of quantitative methods using the electron microscope which can 
be applied to specimens with much smaller dimensions than those which can be used with 
the established cytochemical methods based on the use of the interference microscope and 
the techniques of ultraviolet and x-ray absorption. A discussion of electron scattering shows 
that under chosen operating conditions in the electron microscope the effective total 
mass-scattering coefficient S of a specimen is almost independent of its chemical composi- 
tion. An order-of-magnitude agreement is observed at four accelerating voltages between 
experimental total scattering cross-sections for polystyrene and theoretical values for carbon. 
The contrast in a micrograph taken under standardised conditions is interpreted in terms 
of differences in specimen mass-thickness. The measurement of mass, thickness, and density 
of discrete particles and thin sections in the absence of sublimation is discussed in terms 
of relevant object models on the assumption of a constant, experimentally determined, 
value of S. The validity of the proposed methods was examined by measuring the masses 
of the heads of ram spermatozoa (about 7 X l0 -1~ gin.) and T2 bacteriophage (about 
3 X l0 -16 gin.) in the electron microscope. The values agreed reasonably well with those 
found by interference microscopy and sedimentation-diffusion measurements, respectively. 
Errors in S and magnification due to contamination and their effects on the results are 
considered in detail. An application of the methods to a typical electron microscope speci- 
men was demonstrated by measuring the mass of heads of the T2 bacteriophage after 
staining with uranyl acetate. Errors of measurement are discussed and a minimal measur- 
able mass estimated. Further applications of quantitative electron microscopy are proposed. 

I N T R O D U C T I O N  

Quanti tat ive cytochemical measurements of mass, 
density, and thickness by the methods of inter- 
ference microscopy, absorption of x-rays, and 
absorption of ultraviolet light are well known 
(see review articles by e.g. Davies (8), EngstrSm 
and Lindstr6m (11), and Walker (33), respec- 
tively). The lower limit of mass measurement in 
interference microscopy, which we may take as 
representative of the above methods, is about 
10 -la gill. and there is an obvious need for a 

method of mass measurement which is valid for 
the smaller biological organisms observable in 
the electron microscope (e.g. viruses, bacteri- 
ophages, bacteria) and for density and thickness 
measurement on small areas in thin sections. 

Marton and Schiff (24) first described a method 
of measuring the thickness of isolated specimens 
in the electron microscope and implicit in their 
analysis is the possibility of the measurement of 
the mass and density of such specimens. Hall 
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(17) measured the relative increase in mass- 
thickness (i.e. mass per  uni t  area in the plane of 
the specimen) of two types of virus after the 
appl icat ion of electron stains, and, using a pre- 
de termined cal ibrat ion of his electron microscope, 
was able to make estimates of the virus density. 
Relative measurements  similar to those of Hall  
have recently been made  by Amelunxen  (1). 
The  theory of quant i ta t ive  electron microscopy 
has been discussed by Kr i iger -Thiemer  (20) 
and  Zeitler and Bahr  (38) and following the lat ter  
paper  Bahr  (2), using theoretical contrast  pa- 
rameters  which he had shown to be in reasonable 
agreement  with  exper iment  for the conditions of 
measurement ,  de termined the mass of microsomal 
particles to within an  est imated error  of about  
30 per  cent. Measurements  of the mass-thickness 
of disrupted cell membranes ,  again  using theo- 
retical electron-scattering cross-sections, have 
been made  by De and  Sadhukhan  (9). Quan t i t a -  
tive aspects of electron staining have been sur- 
veyed in a recent  paper  by Cosslett (6). 

Both the earlier discussion of Zeit ler  and  Bahr  
and  their  most recent  paper  (39) are based upon  
the elastic electron-scattering theory of Leisegang 
(21) and  so also are those measurements  ment ioned  
above which have used theoretical  contras t  
parameters .  In  the l ight of recent  theoretical  and  
exper imenta l  work (to be ment ioned  later) it 
seems clear tha t  inelastic scattering is as im- 
por tan t  as elastic for elements of low atomic 
n u m b e r  and for the operat ing condit ions which 
normal ly  ob ta in  in the electron microscope. 
In their recent  paper  Zeitler and Bahr  confine 
themselves to a comparison of Lippert ' s  (23) 
exper imental  values of electron-scattering cross- 
sections with the Leisegang theory at  objective 
apertures greater  than 10 2 radian,  in which elastic 
scattering is the p redominan t  factor. They  them- 
selves state tha t  the deviations from this theory at  
smaller apertures are due to inelastic scattering 
but, on the other  hand,  say that  if apertures of 
10 -3 to 10 -2 radian  are used, the effect of inelastic 
scattering can be disregarded. 

In view of this situation we have been concerned 
to re-state some of the main  points of the current  
theories of electron scattering in relat ion to 
quant i ta t ive  electron microscopy and to give 
some experimental  values of electron-scattering 
cross-sections which may be of use in fur ther  
comparisons between various scattering theories. 

The  main  purpose of this paper,  however, is 
to show how determinat ions  of mass, density, and 

thickness may be made  bo th  for isolated speci- 
mens and, in principle, for regions of th in  sec- 
tions wi thout  recourse to theoretical contrast  
parameters.  A quant i ta t ive  examinat ion  has been 
made of the validity and  accuracy of the methods 
described by a comparison between mass measure- 
ments  made  in the electron microscope and those 
made by other,  well established, methods. A r am 
spermatozoon, cal ibrated by interference micros- 
copy, provides an  object at  the upper  l imit of 
size pract icable for electron microscopy while a 
bacteriophage,  cal ibrated by sedimentat ion and  
diffusion measurements  (31) provides a test 
object with  dimensions well below the resolving 
limit of the optical microscope and  in the " n o r m a l "  
electron microscope range. Measurements  on 
both  these objects are reported and, in addit ion,  
the change in mass of T2 bacter iophage after 
staining with uranyl  acetate is estimated as an  
applicat ion of the method. 

Measurements  on the density of the nucleus 
and  cytoplasmic membrane  of r am sperm, as 
seen in th in  section, have already been published 
(30). 

Elec t ron  Sca t ter ing  

The contrast in the electron microscope of an image 
of an effectively amorphous object (i.e. one in which 
the effect of coherent scattering is negligible) is due 
almost entirely to the differential scattering of elec- 
trons by various parts of the object, which causes 
varying fractions of the incident beam to be pre- 
vented from passing through the objective aperture 
of the microscope and contributing to the image in- 
tensity. Under normal operating conditions the con- 
trast at a given point of the image is governed by the 
exponential relation (16), 

I = Le - s ' °  (1) 

where Io is the intensity of the electron beam incident 
on the object of mass-thickness w, I is the intensity 
of the transmitted beam which reaches the image 
plane, and S is the effective total electron-scattering 
cross-section per gram of material. The mass- 
thickness w = pt if p is the density of the material 
and t the thickness of the object in a direction parallel 
to the incident beam. The relation (1) has been 
verified experimentally by Hall (15) and Hillier and 
Ellis (19) and more recently by Coupland (7). For 
scattering by a single element the atomic cross-section 
cr is related to S by the formula 

L 
S = c r -  (2) 

A 
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where L is Avogadro's number and A the atomic 
weight of the element. It should be pointed out, how- 
ever, that it is assumed in equation (2) that the total 
scattering cross-section of a body is the sum of the 
elastic and inelastic cross-sections of its constituent 
atoms. In reality, additional effects are present due 
to the binding of atoms in molecules, to scattering 
by free electrons in the case of metals, and to co- 
herent scattering in crystalline materials. 

The expressions for the elastic scattering compo- 
nent, S,, of S given by Leisegang (21) and Lenz (22) 
are similar in form and differ mainly in approxima- 
tions to the effective radius, R, of the scattering atom. 
Leisegang uses a formula R = aoZ -1/~, where 

Z4I~ 
ao = 0.529 A, which implies that S~cc - - f o r  the 

A 

normal range of objective apertures. Lenz uses selec- 
ted values of R which result in a smaller variation 
of Se with 2". Lenz' expressions are given in a practi- 
cal form by Sadhukhan (28) and tables showing the 
dependence of the cross-sections upon atomic num- 
ber, aperture, and accelerating voltage are given by 
Cosslett (6). 

Zeitler and Bahr, using Leisegang's theory, effec- 
tively put S = S~ which means that S should increase 
with atomic number. While this is encouraging from 
the point of view of substance differentiation (5) it 
would mean that to determine accurately the mass- 
thickness of a substance in the electron microscope 
its chemical composition would need to be known 
beforehand. On the other hand, Lenz includes in S 
a contribution due to inelastic scattering, i.e. S = 
S,. + Si, and shows theoretically that Si is of the 
same order of magnitude as S, for elements of low 
atomic number (e.g. carbon) and increases with 
decreasing aperture angle. The effect of the addition 
of the inelastic and elastic scattering components is 
that the theoretical value of S becomes almost inde- 
pendent of atomic number as shown by us (30) and 
by Cosslett (6) in his Table III. This implies that 
no a priori knowledge of a specimen is required for 
mass measurement and that, for instance, in measure- 
ments on an organic specimen the same value of S 
should be valid both before and after staining with 
heavy-metal ions. That S should be independent of 
2" is thus of fundamental importance to quantitative 
methods of measurement. 

Recent evidence for the importance of the in- 
elastic component of S has been given by Valentine 
(36) who has pointed out that the variation of S with 
objective aperture, cL is greatest at small values of 
2" (i.e. less than about 12) and that this fact may be 
used experimentally to distinguish between objects of 
low and high mean atomic number. Since the elastic 
scattering cross-section (predominant for high Z) 
varies very little with c~, the variation of contrast ob- 
served at low Z must be due almost entirely to the 

variation of Si. The magnitude of the effect observed 
by Valentine makes it probable that, at the smaller 
aperture he used, Si was at least as large as S,. An 
experimental determination of the variation of S 
with Z has lately been made by Reimer (27) who 

plotted the contrast ( log//-2) of evaporated films 

against their mass-thickness. For a range of elements 
from C to U and a range of mass-thicknesses up to 
40 gg./cm. 2 he found that all the experimental 
points lay on a single straight line; i.e. for the condi- 
tions he used (60 kv. and an objective aperture of 
4.6 X 10 -3 radian) S was sensibly independent of 
Z, a fact which has already been reported by Hall 
(15) for an electron microscope in which no physical 
aperture was used. 

Four experimental values of S for accelerating 
potentials of 25, 50, 75, and 100 kv. at the apertures 
quoted are given in Table I and compared with 

the calculated values for carbon. The value of S 
was determined from electron micrographs of 
polystyrene spheres of known mass-thickness, a 
method used by Hall and Inoue (18) whose 
corresponding results are shown. There is an order- 

of-magnitude agreement between Scale and Sobs 
but the experimental values are systematically 
lower than the calculated ones; the discrepancy 
increases rapidly as the accelerating voltage 

decreases. 
Theoretical values of S are calculated for single- 

scattering conditions in the absence of phase effects 
and lens aberrations. However, the distortion of 
the edge contrast of an image due to geometrical 
aberrations can be made negligible by using a 
suitable objective aperture; phase and diffraction 

effects are minimised at the in-focus position. 
It has been shown experimentally that  the values 
of S determined from thick specimens in which 

plural scattering may be expected to occur are, 

within experimental error, the same as those 

determined for thin specimens. Thus Hall (15) 

found that the exponential relation (1) held for 

values of In I o / I  up to 3.0, while Hall and Inoue 

(18) and Zeitler and Bahr (39) both publish 

i,, 
experimental graphs of In ~ against w which are 

linear up to In I o / I  ~ 2.4. Bahr (2) suggests that  

the range of mass-thickness measurement can 

be extended by a factor of 6 to 7 upon his original 

estimate of the limiting value which was pre- 

sumably based (38) on the equation In Io 7 = 0.53. 
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Cosslett (6) states that values of In Io up to 5 may 

be used with an accuracy of 5 to 10 per cent in S. 
Values of the calculated transparency thickness 

have been included in Table I on the basis of the 
1 

yon Borries (3) definition, Se" The units have been 

chosen so that the numerical values show the 
thickness in A for a material of unit density. 

Hall (17) found that  the effective value of S 

discussed below for the ideal case in which no 
sublimation or contamination of the specimen 

O c c u r s .  

Directly Mounted Specimens." Consider a small 

homogeneous region of a specimen of thickness 
t, density p, and area dA perpendicular to the 
incident uniform electron beam, mounted on a 

film which is of uniform thickness over the area A 

of the specimen. Let the intensities of the electron 

beams transmitted by the film and specimen 

T A B L E  I 

Values of S 
A comparison of values observed with 880 A diameter polystyrene spheres,* 

calculated values for C} and values reported by Hall and Inoue (18) which 
are shown bracketed 

a r a d i a n  Se c m 3  gm.  -1 1/Se gm.  cm.-~ Si c m 3  gin.  i Scale  c m 3  gm.  -1 Sobs cm.  2 g m .  -~ 
kv .  X 10 3 X 10 -4 X 10~ X 10 4 X 10 -4 )< 10 -4 

100 2.56 3.21 3120 3.93 7.14 5.4 4- 0.1 
[100 2.2 5.9] 

75 3.49 4.20 2380 4.81 9.01 5.9 4- 0.2 
50 3.68 5.91 1690 7.34 13.25 8.8 4- 0.2 

[50 4.2 8.23 
25 2.94 11.1:5 897 17.98 29.13 13 =t= 1 

* The density of polystyrene was taken to be 1.05 gm. cm -3 (37) whereas Hall and Inoue 
used a value of 1.1 gm. cm. --a. 

:~ Lenz' expressions were used and R was assumed to have the value 0.529.6 -1/3 A. Full 
relativistic corrections were made. 

varied slightly with the condition of focus of the 

image and this observation has been confirmed 
in the present work. In addition, S will depend 
to some extent on the convergence of the incident 
electron beam and on the electromagnetic field 
between the specimen and the objective aperture 
(7). Thus, to find the value of S obtaining during 
the exposure of a micrograph it is necessary for 
quantitative work to "calibrate" it by including 
objects of known mass-thickness. It is shown in 
the next section how the experimental value of 
S can be used in the determination of density and 
mass in the electron microscope. 

Object Models and the Measurement of Mass, 
Thickness, and Density 

There are two main classes of electron microscope 
specimens tbr which quantitative measurements 
may be required, These comprise isolated speci- 
mens mounted directly on an electron microscope 
support film and thin tissue sections which are 
similarly mounted. These two object models are 

together and by the film alone immediately ad- 
jacent  to the specimen be 12 and I1, respectively. 
Then the mass of the specimen is given by 

f 
A 

M = ptdA 

1 f A  I1 = - In dA, from equation (1). i.e. M S 

(3) 

The above equation is the fundamental  one by 
which the mass of a specimen may be determined 

and may be applied only if S is independent  of 
atomic number  and mass-thickness. That  this 
independence may be achieved in practice has 
been shown in the previous section. 

Experimentally, electron intensities are usually 
recorded photographically and equation (3) 
may be expressed in two forms depending on the 
precise conditions of photographic recording. If 
photographic densities above background, Dt 

and D2, on the plate are linearly related to 11 

and I2 the equation becomes 
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1 fa DI M = ~ In D--~2 dA (4) 

or, if D1 and  D2 are proport ional  to log / i  and 
log I~, respectively, it takes the form 

M = T I"1 A (DI-- D2) dA (5) 
S J 

where 3' is the photographic  constant.  Methods  
familiar  in microspect rophotometry  (4) may  be 
used to perform the integrat ions above. Ei ther  
equa t ion  (4) or equa t ion  (5) is suitable for the 
evaluat ion of the total mass of any  isolated speci- 
men  providing that  over its area variat ions in the 
thickness of the suppor t ing film are not appreci-  
able. 

While  the mass-thickness, pt, is readily deter- 
mined  for any  point  on the specimen the density 
or thickness for this type of object may only be 
found indirectly. If  p is known from the nature  of 
the mater ia l  or from macroscopic measurements  
then t m ay  be calculated. Alternatively,  for 
suitable specimens, t may be found by metal  
shadowing or stereomicroscopy, thus allowing 
the de te rmina t ion  of p. 
Thin Sections." A comparat ive  method for the 
measurement  of density in thin  sections has 
already been described by us (30) bu t  the main  
points will be ment ioned  here for the sake of 
completeness. Regions of sections, to be suitable 
for measurement ,  must  be of a defined thickness, 
i.e. they must  extend through the entire section 
thickness from the upper  surface to the support ing 
film. To determine the mass, thickness, and  density 
of such regions it is necessary to have a measure 
of the intensity of the electrons t ransmit ted by 
the support ing film alone. A hole in the section 
sufficiently near  the region of interest leaving the 
suppor t ing film exposed cannot  be expected to 
occur very often; however, if a reference object of 
known density is embedded  with the specimen 
and  the whole sectioned together, all three of the 
parameters  M, p, t can be determined under  
favourable conditions. 

Suitable reference objects will depend on the 
specimen and  in many  organic specimens will 
a l ready be available in the section (a l though 
assumptions about  the embedded  densities of 
these objects may  have to be made  (compare (30)). 
I t  is possible to mix int imately  reference particles 
in high concentra t ion  wi th  some specimens, e.g. 
bacter ia  and  spermatozoa.  The  particles should 

preferably be impermeable  to the embedd ing  
med ium (to retain a constant  density) yet be 
readily embedded  and sectioned with the speci- 
men under  examinat ion.  Small particles of plastic 
mater ia l  (e.g. polystyrene latex spheres) or  
graphi te  ( " a q u a d a g " )  may  be of use in this way; 
we have successfully sectioned colloidal graphi te  
particles in methacryla te  and  polystyrene spheres 
in vestopal. The  reference objects must  be suffi- 
ciently near  the regions of interest in the specimen 
for r a n d o m  variat ions of thickness in section and 
support ing film to be neglected. As pointed out  in 
a previous paper  (30) non - r andom variat ions of 
section mass-thickness (e.g. due to subl imat ion 
of the embedd ing  medium)  will in t roduce errors 
in the expressions for the density of the specimen 
if the measured and  reference densities are not  
equal.  In  a recent  paper  Reimer  (27) has shown 
tha t  even in a carbon-formvar  " sandwich"  
methacry la te  loses abou t  30 per  cent  of its mass- 
thickness in the electron beam, while araldite and  
vestopal (unprotected)  lose about  20 per cent  and  
13 per cent, respectively. The  best embedd ing  
med ium at present  available for quant i ta t ive  
measurements  is clearly vestopal, while suitable 
specimens will be those which  on applying tests 
such as those used by Morgan ,  Moore,  and Rose 
(25) show no differential sublimation.  

E X P E R I M E N T A L  

Calibration of the Electron Microscope." A Metropolitan- 
Vickers type P.M.3. electron microscope with elec- 
trostatic astigmatism correction was used at acceler- 
ating voltages of 25, 50, 75, and 100 kv. The 
semi-angular apertures of the objective lens used in 
this work were determined by using electron diffrac- 
tion conditions (with the same objective lens current 
used in the determination of S by normal microscopy; 
see Table I) and observing the angle at which the 
diffraction pattern from a known salt was cut off by 
the aperture. The aperture thus determined is the 
effective aperture corrected for distortion of the 
electron paths by the field of the objective lens. 

The magnification M and total mass-scattering 
cross-section S valid for each micrograph were deter- 
mined by including polystyrene spheres of diameter 
880 4- 80 A in each specimen. Errors in M occur 
because of the deposit of a layer of contamination 
over regions of the specimen which are irradiated by 
the electron beam (12) while errors in S may be 
caused both by the effects of contamination and by 
sublimation of material from the spheres, caused by 
the electron beam. 

The rate at which the contaminating layer was 
deposited on a surface for the beam currents used in 
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this work ( < 6  m A  cm. -2  at  the  specimen) was found 
to be about  6 A per minute .  T he  specimen area  ir- 
radia ted at any  one t ime was kept  to a m i n i m u m  
( ~ ( 5 0  #)2) by us ing a screening aper ture  above the  
specimen similar to tha t  described by Page and  Agar  
(26). T h e  screening aper ture  assembly was also used 
as a Fa raday  cage in order to measure  the  b e a m  cur-  
rent  (14). W i t h  the  types of specimen used, i.e. mix-  
tures of polystyrene spheres with r a m  sperm and  of 
polystyrene spheres with bacter iophage,  little t ime 
was lost in scann ing  the  specimens for suitable areas 
and  it is believed tha t  the  systematic  error in the  
value of M int roduced by con tamina t ion  is not  greater  
t han  + 4  per cent. This  error corresponds to about  
3 minutes  irradiation. 

Polystyrene spheres are common l y  and  success- 
fully used for magnif icat ion calibrat ion and  the  
values of M measured  in this work using the  spheres 
were in good agreement  with those found us ing a 
replica of a diffraction grat ing.  T h e  effects of subli- 
mat ion,  if this occurs, must ,  therefore, be confined 
to the  reduct ion in density of the  spheres wi thout  
change  in radius. T h e  possibility seemed to us to be 
small  since Hall  (15) and  Hall  & Inoue  (18) had  
de te rmined  S unde r  carefully defined exper imenta l  
condit ions us ing polystyrene spheres. It  is also known 
tha t  polystyrene is stable in the  absence of oxygen 
up  to a t empera tu re  of 250°C. (34); this spec imen 
tempera tu re  is not  reached in the  electron microscope 
except possibly unde r  the most  ext reme condit ions 
(16). However,  the  possibility of subl imat ion  was 
examined  by m o u n t i n g  some polystyrene spheres on 
an evapora ted  carbon film of known mass-thickness.  
The  mass-thickness of the  carbon film, obta ined by 
weighing, was 6.60 -t- 0.40 /~g. cm. -~. T h e  mass- 
thickness of the carbon film was measured  from 
electron micrographs  (beam cur ren t  at specimen 
6 m A c m .  -2,  accelerat ing voltage 75 kv.) using the  
m e a n  value  of S de te rmined  f rom measuremen t s  on 
12 polystyrene spheres (for me thod  of m e a s u r e m e n t  
see below) taking the  densi ty of polystyrene to be 
1.05 gin. cm. -3  (37). T he  electron microscope value  
for the mass-thickness of the  carbon film was 6.77 =t= 
0.23 /~g. cm. -z .  It  was, therefore, concluded tha t  
unde r  the exper imenta l  condit ions used for mass  
m e a s u r e m e n t  the  subl imat ion of polystyrene is 
negligible. 

S m a y  be de te rmined  in three ways, f rom measure-  
ments  based on the  following equat ions  (assuming. 

for the  momen t ,  no contaminat ion) .  

1 I1 
S = - -  l n - -  

2oR (12) ,~in 

S = - -  fjo 2R In ~ dl 
1 

rrpR 2 12 

3fo~rR2[~2 S ~ - -  In dA (8) 
4~'pR a 

where  the  densi ty of  polystyrene (0) is 1.05 gm.  cm. - 3  
(37) and  the  spheres are of radius  R. 

In  equat ion  (6), /1 is the  intensity t ransmi t ted  by 
the  clear fi lm and  (12)rain is the  intensity t r ansmi t t ed  
at the  centre of the  image  of the  sphere where  the  
electron pa th  length  in the  sphere is 2R. In  equat ion  
(7), account  is taken of the  variat ion of 12 across a 
d iameter  of the  sphere and  in equat ion  (8), of  the  
variat ion in I :  over the  projected area of the  sphere.  
Applicat ion of equat ion  (6) assumes spherical  sym-  
met ry  of the  particle and  no distortion, e.g. flat tening,  
dur ing  specimen prepara t ion  and  examinat ion.  Equa-  
tion (7) assumes rotat ional  symmet ry  of the  particle 
abou t  a line t h rough  its centre  perpendicular  to the  
suppor t ing  film. Equa t ion  (8) makes  no assumptions.  

W h e n  a layer of con tamina t ion  (density fo  and  
thickness r) covers both  the  sphere and  the  suppor t ing  
film, 11 and  (12)rain (equation 6), are reduced  in the  
same ratio. T h e  value of S obta ined us ing equat ion  6 
is thus  independen t  of the effect of con tamina t ion  
but  assumes an undis tor ted particle. 

Measu remen t s  of S were m a d e  for polystyrene 
spheres of 1500 A and  2700 A d iameter  us ing equa-  
tions (6) and  (7). T h e  values of S for these spheres 
indicated tha t  they  were f lat tened by up  to 10 per  
cent. I n  the  case of 880 A d iameter  spheres it was 
difficult to dist inguish the effects of  distortion f rom 
those due  to contaminat ion .  

To  correct for possible distortion of the  spheres 
either equat ion (7) or (8) m a y  be used in a suitable 
form corrected for the  presence of the  layer of con- 
t amina t ion .  T h e  modif ied form of equat ion  (7) is 

I /  _ _  1 - f  1 --  rn s in  0 + ( l ~ m ) ~ l  = S F  
S (1 -- 0/~')  + 1 -1- rn lr 

1 .re(R+ r) _ 
7rp(R + r) ~ ~o I n I l  

where  

(9) 

2~/m 
s i n 0 =  a n d  m = r / R .  

I W m  

T h e  right  h a n d  side of this equat ion  m a y  be evalu-  
a ted exper imental ly  giving the  value of the  product  
S F  but  not  S directly in the  absence of a very carefully 
s tandardised con tamina t ion  rate. In  practice the  

(6) polystyrene spheres are assumed to have  a radius  R, 
since in the absence of a second means  for measur ing  
the magnif icat ion,  r in any  given mic rograph  canno t  
be determined.  T h e  exper imenta l  integral  which  is (7) 
evaluated is therefore 
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S' (1 q- m)SF 1 fo- 11 = = - -  I n  ~ dl ( 1 0 )  
~rpR 2 

The  point  at issue here is how different is S' from S 
for given experimental  conditions? Substituting f = 2, 
i.e. assuming the density of the contaminat ion is 
approximately that  of evaporated carbon,  gives the 
following values of (m, S'/S)--(0.01, 0.96), (0.05, 
0.98), (0.07, 1.00), (0.10, 1.03), (0.20, 1.11). A varia- 
tion of this form has been observed experimentally 
for 880 A polystyrene spheres. 

The  variation of S with variation in objective lens 
current  has been examined semi-quantitatively by 
Hall (17). A quanti tat ive analysis of this effect was 
made  by taking a through-focus series of polystyrene 
spheres at a magnification of 40,000 at 100 kv. using 
an objective aperture of 5 X 10 - a  radian.  In  the 
range between 4-1 # from focus S was found to be 
constant  within 2 per  cent. Micrographs with greater  
off-focus distances were not used for analysis. 

I t  is considered unlikely that  any of the micro- 
graphs used in this work correspond to rn > 0.04, 
giving S' /S  ~ 0.97. The  measurement  of mass de- 

1 
pends on the ratio - -  and it is impor tant  to assess 

M 2 S  

the effect of contaminat ion on this ratio. If  a number  
of micrographs are used for analysis with fractional 
changes in magnification due to contaminat ion lying 
between (1 q- ml) and (1 + m2) corresponding to 
different times of irradiation, then the mean mass 

measured for a particle of " t rue"  mass M is 

M fro2 dm M 

*']'-1 (m2 ~ m,) Jml (1 + m)= (1 + m,)(l + ,.2) 

if equation (6) is used to determine S. Taking m l  = 

0.01 and m2 = 0.04, which are representative of the 
conditions used while taking the ten mierographs of 
r a m  spermatozoa (see next section), gives 1.05 A4 = 
hi, i.e. the mean result is subject to a systematic error 
of about  - -5  per cent due to magnification errors. 

Values of M calculated from a single micrograph 
using equation (10) in the determinat ion of S are 
subject to a max imum systematic error due to con- 
taminat ion of about  -- 5 per cent. This is the case for 
the measurements  made  on bacter iophage (see next 
section). 
Photographic l~Iethods: It was shown in the previous 
section that  the equations for mass could take two 
forms according to the conditions of photographic 
recording. It was decided to make use of the region 
of the photographic-plate  characteristic where the 
optical density was directly proportional to the inci- 
dent  intensity (corresponding to equation (4)) ra ther  
than the linear region of the H-D curve (correspond- 
ing to equation (5)). This course was taken since 

experience has shown that  the first condition may be 
readily achieved by taking micrographs on Ilford 
special lantern contrasty plates followed by s tandard 
processing to give optical densities less than  1.5. The  
linear region of the H-D curve occurs at higher 
densities (1.7 to 3) and it is more difficult to maintain  
a constancy of q, from plate to plate. 

The  procedure adopted in using equation (4) was 
to take a set of densitometer traces along equally 
spaced parallel lines across the image of the specimen 
using either a " l inear"  or an "exponent ia l"  (29) 
optical wedge and a double-beam recording micro- 
densitometer (32). Optical  densities were measured 
above the photographic density corresponding to a 
specimen-grid bar  following the method of Hall (15). 
The  method of strip-wise integration is familiar in 
quanti tat ive analysis by optical methods (4). The  
integration corresponds to a determinat ion of the 
volume beneath a mass-thickness "profi le"  of the 
specimen as illustrated in Fig. l for a bacteriophage 
particle. The  traces shown were made  with the 
"exponent ia l"  wedge. 
Specimen Preparation: The  specimens of whole r am 
sperm were prepared by allowing drops of a dilute 
suspension of sperm and 880 A diameter  polystyrene 
spheres in 70 per cent alcohol to evaporate on speci- 
men supporting films. Specimens of unstained T2 
Lr+h + bacteriophage were prepared similarly from 
suspension in isotonic salt solution. Specimens of 
bacteriophage were stained with 4 per cent  uranyl 
acetate for 11/~ hours and dialysed against a large 
volume of glass-distilled water  for 12 hours. 

R E S U L T S  

Mass of the Heads of Whole Ram Sperm 

Whole  r a m  s p e r m  do  not  make  ideal  spec imens  
for e lec t ron  microscopy  since the d imens ions  

of the  head  ( length,  wid th ,  and  thickness abou t  
6/~, 3 #, and  0.3 ~ respectively)  are  such tha t  the  
head  fills the  microscope  field a t  a magni f i ca t ion  
of  abou t  8000 t imes;  the thickness difficulty was  
largely overcome  by using an  acce lera t ing  vol tage 
of 100 kv. At  this vol tage the value  of  In Io/I 
for a r a m  spe rm head  was a b o u t  2 w h i c h  is well  
wi th in  the  range ,  discussed a l ready,  where  S is 
i n d e p e n d e n t  of  w. Such a large spec imen  was  
requ i red  to over lap  the range  of m e a s u r e m e n t  of  
the in ter ference  microscope.  

T h e  masses of  the heads  of  ten  whole  s p e r m  
were  d e t e r m i n e d  using equa t ion  (4). T h e  m e a n  
values of M and  S, the la t ter  using equa t ion  (6), 
were  d e t e r m i n e d  f rom m e a s u r e m e n t s  on  the  
polys tyrene  spheres  inc luded  wi th  the  sperm.  
T h e  m e a n  magni f ica t ion  ( including the  effect of 

BURGE AND SILVESTER Quantitative Electron Microscopy 7 



FIGURE 1 
Three-d imens ional  isometric projection of the mass-thickness profile of a T2 bacteriophage.  The  tail 
of  the phage  extends in the x direction. The  lengths of  the x and  y axes represent  1000 A and  tha t  of 
the  mass-thickness axis (pt) corresponds to 1000 A for p = 1 gin. cm. -a. 

c o n t a m i n a t i o n )  was  8250 4- 120 ( f rom 34 spheres)  

a n d  the  m e a n  S was  4.37 =1= 0.09 )Z 104 cm.  2 

gm.  - I  ( f rom 38 spheres) .  T h e  m e a n  mass  of  a 

r a m  s p e r m  h e a d  d e t e r m i n e d  by e lec t ron  mic ros -  

copy  was  7.74 ::t: 0.42 >( 10 -12 g m . ;  this  va lue  

m a y  be low by  a b o u t  5 pe r  c en t  d u e  to the  effect  

o f  c o n t a m i n a t i o n  as a l r e a d y  discussed.  

Mass of the Heads of T2 Lr+h+ Bacteriophage 

M i c r o g r a p h s  were  t aken  a t  75 kv. a t  a magn i f i -  

ca t ion  of  34,800 :t= 610. T h i s  va lue  inc ludes  the  

effect  of  c o n t a m i n a t i o n .  T h e  va lue  of S o b t a i n i n g  

was  5.77 =t= 0.08 X 10 -4 c m 2  gm. -1 ;  S was  de-  

t e r m i n e d  u s i ng  e q u a t i o n  (10). Both  ~ a n d  S 

were d e t e r m i n e d  by m e a s u r e m e n t s  on  10 poly- 

s ty rene  spheres .  T h e  m e a n  mass  of the  heads  of  

the  b a c t e r i o p h a g e  ( ten m e a s u r e m e n t s )  was found  
to be 3.00 =t= 0.14 X 10 -16 gin. T h i s  va lue  is 

p r o b a b l y  low, due  to the  effects of  c o n t a m i n a t i o n ,  
by  u p  to 5 per  cent .  I f  the  h e a d  is a s s u m e d  to be 

h e x a g o n a l  in sec t ion  its m e a n  dens i ty  is 1.74 ::k 

0.10 gm.  c m 7  a (this va lue  m a y  be h i g h  by u p  to 

3 per  cen t  due  to er rors  in S only) .  

W i d e  va r i a t ions  were  found  in the  m e a s u r e -  

m e n t s  of  the  masses  of  p h a g e  h e a d s  s t a ined  w i th  

u r a n y l  aceta te .  I t  was  a p p a r e n t  t ha t  the  cond i t i ons  

used  d u r i n g  s t a i n ing  were  des t ruc t ive  a n d  a n u m -  

be r  of  the  p h a g e  h e a d s  were  e i ther  pa r t l y  or  

c o m p l e t e l y  " g h o s t e d "  t h r o u g h  the  loss of  deoxy-  

r ibonuc le ic  ac id  ( D N A ) .  M a s s  m e a s u r e m e n t s  

were  m a d e  on  25 s t a ined  p h a g e  heads  a n d  va lues  

of  m a s s  below the  m e a n  u n s t a i n e d  va lue  were  

re jected.  T h e  m e a n  increase  of  mas s  of  the  h e a d s  

due  to s t a in ing  was  found  to be a b o u t  45 per  

cent .  

D I S C U S S I O N  

T h e  a s se s smen t  of  the  va l id i ty  of  a new  exper i -  

men t a ]  m e t h o d  d e p e n d s  on  the  a g r e e m e n t  be-  
tween  s imi la r  m e a s u r e m e n t s  m a d e  by  the  n e w  
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method and  by well established ones. In this 
work two comparable  sets of results are presented. 

The  value of 7.74 -4- 0.42 X 10 -12 gm. found 
for the mean  mass of a r am  sperm head is to be 
compared  with the mean  mass of 7.13 4- 0.29 X 
10 -x2 gin. found by interference microscope meas- 
urements  on ten similar heads (30). The  electron 
microscope value is very probably  low by up  to 
5 per  cent  due to the effects of con tamina t ion  on 
M. T he  layer of con tamina t ion  which  builds up  
over the surfaces of the sperm heads will have 
little effect on the measured mass since its effect 
will be to increase the thicknesses of the specimen 
and  the suppor t ing film at  (presumably)  the 
same rate. T he  mass of the layer of con tamina t ion  
is, in any case, small compared  wi th  the mass of 
the sperm head. 

The  mass of the head of a T2 bacter iophage 
found by electron microscopy is 3.00 4- 0.14 X 
10 -16 gm. while Taylor,  Epstein, and  Lauffer 
(31) found values of 3.65 X 10 -16 gm. and  3.01 X 
10 -16 gm. at  pH 5 and  7, respectively, from the 
combined  results of sedimentat ion and  diffusion 
measurements.  The  lat ter  two values include the 
mass of the tail of the bacter iophage particle and  
are absolute, i.e. do not depend on an assumed 
shape for the particle. The  tail has the dimensions 
250 X 1000 A (35) and  is associated with about  
10 per  cent  of the mass of the particle. The  electron 
microscope value for the mass of the phage 
particle is again very probably  low by up to 5 
per cent  due to the effects of con tamina t ion  on 
M and S. However,  it should be noted that  the 
method adopted  in the measurement  of mass 
using polystyrene spheres in order to determine S 
involves essentially a comparison of the mass of a 
sphere wi th  tha t  of the " u n k n o w n "  particle. 
W h e n  the two objects being compared  are very 
similar in l inear  dimensions, as in the present 
case, the effect of con tamina t ion  on the measure- 
men t  of mass will, to a large extent,  cancel out. 

T h e  mass of an  uncontaminated phage head should, 

therefore, providing the rates of con tamina t ion  of 

the two specimens are comparable ,  be very close 

to the value obta ined wi thout  applying corrections 
for contaminat ion,  i.e. 3.00 d= 0.14 X 10 -16 gm. 

The  value for the density of the mater ia l  of a 

phage head evaluated on the assumption tha t  

the head is undis tor ted on drying is 1.74 d= 0.10 
gin. cm. -3 (a value which includes a systematic 

e r ror  of up to 3 per cent) and  may be compared  

wi th  the density of dry DNA, i.e. abou t  1.65 gm. 

~cm. -a. 

We believe the reasonable agreement  between 
these electron microscope values for mass and  
density and  those found by other  methods to be 
most encouraging and  tha t  under  carefully con- 
trolled conditions the electron microscope can  
provide quant i ta t ive  results. This  agreement ,  
together with  the demonst ra t ion  tha t  polystyrene 
does not  sublime at  low beam currents,  gives 
reasonable evidence tha t  the principal  com- 
ponen t  materials  of the specimens used do not  
sublime in the electron microscope under  the 
same conditions. The  greatest systematic error 
to which the given measurements  are subject is 
due to the effect of con tamina t ion  on the value 
of M.  This  error could be reduced or e l iminated 
by using very short  exposure times or by measur ing 
M by a method involving the separat ion of points. 

The  present unan imi ty  of bo th  exper imental  
results and  theoretical predict ion tha t  S is es- 
sentially independent  of Z for the usual operat ing 
conditions in electron microscopy gives good 
reason for the supposition tha t  quant i ta t ive  
measurements  of the uptake of electron stains by 
biological specimens, exemplified in this work by 
the measurements  on stained bacteriophage,  are 
valid within the present accuracy of measurement .  

Quant i ta t ive  measurements  on th in  sections 
are wi th  present embedding  media  subject to 
error because of the subl imat ion of the embedding  
med ium itself and  because of the differential 
subl imation of specimen material .  The  latter may, 
in fact, be due in some cases to the differential loss 
of embedding  med ium ra ther  than  of mater ia l  
from the specimen itself but  this is of course no 
less serious. 

The Minimum Mass Measurable by 

Electron Microscopy 

The m i n i m u m  mass depends on the m i n i m u m  
l inear  dimensions in the plane of the support ing 
film for which  phase and  edge distort ion effects 
are small and  on the accuracy with which optical 
densities may be measured. The  m i n i m u m  di- 

mensions will vary from ins t rument  to ins t rument  

and  will be a function of the coherence of the 

incident  electron beam (13) and  the various lens 

aberrations.  For the present purpose a flat disc 

of 400 A diameter  in the plane of the support ing 

film will be considered. The  smallest measurable  

density difference (DI - D~) is a function of the 

smoothness of the support ing film, care taken in 
specimen preparat ion,  grain in the photographic  
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plate, uniformity of i l lumination,  and  the desired 
accuracy of measurement .  The  effect of contami-  
nat ion will be very impor tan t  when  small particles 
are considered but  can be minimised ei ther  by 
short exposures of the specimen to the electron 
beam or possibly by using a specimen stage cooled 
to an  appropr ia te  tempera ture  (12). 

For small objects the fundamenta l  l imitat ion 
(neglecting contaminat ion)  will be in the measure- 
men t  of D, and D~ since these values will be 
almost equal :  for this case equat ion  (4) becomes 

1 fA D l  - -  D,z M=~ j ~ d A  (11) 

If  the r a n d o m  errors in D1 and  D~ are equa l  and 
D, -- D~.  

of value x then the fractional error in - -  is 
D2 

2x 
• If  a 5 per cent  error in the density ratio 

D2 - -  D,  
is al lowable on a single measurement ,  equat ion  
( l l )  becomes, for an object of constant  thickness 
and  density, 

40x f Amin 
~lmln = SD--2 dA (12) 

A typical value of x/D2 is 1/200 and  for a flat 
disc of 400 A diameter  the minimal  measurable  
mass (to an  accuracy of 5 per cent  on a single 

2.5 X 10 - '2 
measurement)  is about  gin. For 75 

S 
kv. electrons the m i n i m u m  mass is about  5 X l0 -17 
gm. corresponding to a m i n i m u m  specimen 
thickness of 400 A for a material  of uni t  density; 
from our results equivalent  values for 25 kv. 
electrons would be about  2 X l0 -17 gm. and 
160 A, respectively. For an  accuracy of l0 per 
cent  these figures are halved. 

Measurements  of mass on the basis of equat ion  
(5) are necessarily less accurate than  those based 
on equat ion  (4) since the photographic  plate in 
the ,), region is less sensitive (10) to changes in 
image intensity. 

Mass measurements  at  low accelerat ing voltages 
should be more accurate (for a given specimen) 

t han  measurements  made  at higher  voltages, 

and  measurements  should be possible on th inner  

specimens. However,  for these advantages  to be 
realised it is necessary tha t  the resolution of the 
microscope at the lower voltages should be as 
good as tha t  normal ly  achieved at  the usual 
opera t ing voltages of 50 to 100 kv. I t  also appears  
from the trend of the electron-scattering cross- 
sections shown by our measurements  tha t  the 
very large increase in contrast  current ly  hoped 
for at  low voltages may not  occur. 

A P P L I C A T I O N S  

The  quant i ta t ive  methods developed here may be 
used under  carefully controlled conditions to 
measure the mass, thickness, and density of suitable 
objects (the main  restriction being tha t  specimens 
should not  sublime in the electron beam).  The  
mass of an  object may be impor tan t  of itself, or 
its rate of change with t ime or its change with 
chemical  or physical t r ea tment  may  be of interest. 
As in other  cytoehemieal  methods an  automat ic  
scanning technique may be desirable for the 
integrat ion of equat ion (4) in routine measure- 
ments  on inhomogeneous biological materials.  
The  following examples are illustrative' of the 
range of application. 
1. The  direct  de terminat ion  of molecular  weight 

by individual  measurements  (lower l imit about  
107 at 25 kv. on the conservative estimates of 
the previous section) in contrast  to the statistical 
average values found by other  methods,  e.g, 
ul t raeentr i fugat ion and light scattering. 

2. The  quant i ta t ive  est imation of the uptake of 
electron stains by isolated specimens and  
regions of thin  sections, and an evaluat ion of 
the selectivity of such staining. 

3. The  de terminat ion  of specimen composit ion by 
mass measurements  before and  after chemical  
extract ion of a given componen t  of the speci- 
men. 

4. The  de terminat ion  of specimen thickness and  
shape and the thickness of thin  sections. 
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