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ANALYSES OF IRON CONTENT 'IN INDIVIDUAL HUMAN‘RED BLOOD CELLS BY
ELECTRON MICROPROBE AND SCANNING ELECTRON MICROSCOPE

DAVID DAVIS

From Donner Laboratory, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720

ABSTRACT

The iron content of single human red blood cells has been
‘assessed using electron microprobe analysis and scanning electron
microscopy. Cells for microanalysis consist of a fixed-washed
and freeze-dried preparainn; This preparative procedure improves
stability and spatial resolution of the analytic method. The
reference standard employs compfessed pe]]ets-of,puﬁified iron-
containing human hemoglobin and human serum albumin, respectively.
The ‘cell preparation and reference standard remain stable for Tong
periods of time. Differences in Fe content and its distribution
among individual red cells from both normal subjects and sickle
cell anemia patients have been measured by the quantitative and
semi-quantitative techniques (wavelength and energy>dispersive
x-ray spectrometry). There are several points which can be made
from this study. ' One concerns the estimates of iren on a cell
by cell basis, the average variation'emong cells being slightly
over 13%, ranging from 6% to 19.4% by individuals or by groups from
11% to 14%, these differences thus being closely comparable across

ethnic groupings with a possibility of higher level in Asians and
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lTower Tlevel in sickle cell anemia patients. The iron K-radiation
frequency distribution curves for both normal and sickle cell groups

very é]ose]y approximate a normal probability curve. '

INTRODUCTION

The distribution of iron among individual red blood cells can give
a valuable parameter ﬁo add to the well-known average values obtained from
multicell ané]yses. In addition, if subpopulations of cells can be
distinguished on a morphological basis, é.g., sick]é-ce11 anemia preparation,
then the distribution of iron between the subpopulations can only be méasured
by analyzing individual cells. |

This study presents a detailed account of a quantitative and semi-
quantitative analyses of bound-iron content‘of individual red cells by‘
" means of analytical procedures utilizing electron probe exéitation. The
physical instruments whose adaptability and sensitivity were explored are
(1) electron microprobe analyzer (EMPA) and (2) scanning electron microscope
(SEM) fitted with an energy dispersive x-ray spectrometry (EDX) system. A
major emphasis is placed on EMPA because of the broad app]ications and
extensive theoretical development which it has undergone in the past twenty-
odd years and personal experience (21,22) fn thé study and use of this
instrument.

The differences in iron content in individual hUman'red blood cells

were determined, and the following issues were chosen for investigation:



(1) constancy or variation among circulating erythrocytes of the same
population (i.e., same subject);

(25. cohetancy ob variation over a beribd of time (two weeks) which
would repfesent an abpreciab1e fraction of an individué]'s erythro-
cytic turhover (three sampTes arawﬁ at abproximaté]y weekly
intefva]s span 14 days of the-120—day average red ce]T life);

(3) degree of constancy or variation among different individuals who
are presdmed "euhemic" based on’ebsence of c]inice] complaints and

on microscopic observation of cell form;

(4) possible alteration in Fe content in a major blood dyscrasia.

The choice of the dyscrasie to be investigated determined a part of the
selection of the presumably normal individuals. Sickle cell anemia was
chosen, being not only genetically but also ethhically determined and
providing erythfocytes with high morphologic recognition. Thus the groups of
normal individua]s required to be included were not only Blacks (for the
sickle cell anemia comparison) but also at least one other ethnic group. |

In fact, two were tested — Whites and Asians {Chinese).

‘The Principles of the Analytic Method in EMPA

Each chemical element emits characteristic x-ray lines when it is
excited by high energy electrons. By analyzing the wavelengths of the
emerging x-ray photons, elements can be identified. By measuring the

intensities of the x-ray lines emitted, the amounts of the elements present

can be evaluated.



Historical Development of the Theory

The foundation for x-ray spectroscopy was established around the turn of
this century (18). Methods for x-ray production by means of electron
excitatioh came two decades later. One of_the first studies to make use of
the e]ectfon microanalysis soon followed, but this method of analysis did
not spread until Castaing, in his Ph.D. thesis led by A. Guinier, laid the
practical and theoretical foundation for x-ray microanalysis (5). Since that
time, Mulvey had built a static microanalyzer and added in 1956 the scanning
mode of operation (19) which Cosslett developed independeﬁt]y (6). The
instrument grew out of the marriage of two techno]ogies, x;ray fluorescence
spectroscopy and electron microscopy. The first biological applications
were on bulk-hard samples — bone (3) and teeth (2). The electron microprobe,
as we know it today, has come to be thought of as a powerful tool for

biologists.



MATERIALS AND METHODS

Elemental Analysis |

Two‘instfumenté were uéedvjn measuring the iron cohteﬁt in single human
red blood cells: . |
. (a{ a Materia]s.Analysis Cbmpahy (Palo Alto, Ca]ifo}nia) electron
microprobe'anaTyze;, Model 400S, operatéd at 15 keV with a 1.2 to 2.0 pym beam
diameter with a sample current of 0.05 — 0.07 pA, and a LiF analyzing crystal
for Fe and a PET crysta1‘for Si; | |
- (b) a Japan Eiecfron Optics Laboratory (Burlingame, California)
scanning electron microscope, Model UL operated at 15 keV at a magnificatioh
of X50,000 with T.V. rates, interfaced with‘a_Nuclear Equipﬁent‘Corporation
(Los A]tos,.Ca]jfornia)_so]id—state detector and Qanta/Mefrix (Sunnyvale, |

California) EDX/80S energy dispersive x-ray analysis system.

Cells

Human circu]ating'erythrocytes‘were-obtained from.ndrmal subjects and
sick]é‘ééll anemia patients. The latter were collected fresh into heparinized
- syringes and prépared for-analysis within 24 hours of collection; the former
was collected by conventional finger-puncture method. This blood was prepared
in the fd]]éwing'manhér: a sing]é drop of blood was placed directly onto the
surface of a three-inch parafilm square that was immediateTy inverted over the
mouth of‘ah'Ehr1enneyer'f]dsk containing 50 ml of a 2.5% glutaldehyde solution
in 0.15 M técody]éfé“buffer'at pH 7.4. The edges of the square were pressed
down'schré]y and held by ‘hand around the neck of the?f1ask'$o as to render it
'1iqu%d—tighti"énd‘the cells were then mixed by gentle, repeated inversions of
the flask enough times until ViSUél-obSeEVation.had”confikmed‘thorough disper-
sion 1n’thé'f5Xat1ve. 'After 45 minutes to an hour fixation time, the cells

were washed;'and a ml portion of the fixed cell suspension was spun down in a
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table model IEC clinical centrifuge at about 5,000 rpms for three minutes. The
supernate was discarded, and the remaining cells were resuspended in a ml of
distilled water and centrifuged. This suspension and centrifugation procedure
was repeated three times. After this wash procedure, the cells were resuspen-
ded in 1/2 ml to 1 ml of water to which a very small amount (approximately one
ug/cc) of scientffic grade gelatin (Difco) had been added. These resuspended
cells were then mounted oﬁ top of a quaftz disk by transferring about 1/8 ml to
1/4 m1 of suspension drovay drop with a disposable pipette,.the”total number
of drops having been determined by the size of the cbunting’area desired sucﬁ
that this areé did not exceed the size of the disk in order to avoid spillage.
After allowing the cells to‘settle for 15 minutes, thé excess:water was drawn
off by capillary action, uSing a corner of é gauze square. -This preparation
was quenched in liquid nitrogen, before it dried, to effect_fapid-freezing and
was transferred to a pre-cooled cast}e (a specia]]y constructed, aluminum
1idded container. for freeze-drying biological materia1S).v After securing the
1id, the castle was quickly placed ontg the pre-cooled stage in an Edwards-
Pearse-Tissue Dryer, Modei EPD2, (Edwards High Vacuum, Inc.,:Grand Island, N.Y.)
equipped with a liquid nitrogen trap fitted into the bdmping line, and dried
under vacuum for 24 to 48 hours at -60°C witha;P205 desiccant present in the
drying chamber; the pressure drop in the specimen chamber indicates that the
preparation has dried.  This freeze-dried preparation_was slowly heated to

room temperature for removal from the drying chamber, then put into a Varian
Evaporator (Varian Associates, Palo Alto, Ca]ifornia),‘Mode] Ve-10, eqUipped
with a liquid nitrogen cold trap in a pumping line, and coated with ;arbon to
improve conduction and reduce charging. During coating,'the sample revolved
simultaneously in opposite directions in two different p]anes; Though the
thickness of the carbon coating was not determined, the amount was established

and controlled by evéporating the 3/16-in. long tip of a pre-sharpened



spectroscopica]]y pure carbon rod onto the %ampIe.' The preparation, ready for

analysis, was stored in a desiccator jar under vacuum.

Reference Standard

The standards used for analysis were pellets pressed ffdm purified pow-
ders. of human hemoglobin (Hb) and serum aibumin (A1b). These were prepared by
placing about 5 to 10 mg of granulated, spectroscopic grade‘carbon into the |
bore of a mold-plunger assembly. The plunger was put into place, and the car-
bon was packed tight]y by hand pressure only. The plunger was wifhdrawn, and
40‘mg of Hb was poured on top of the carbon through the bore of the moid. The
plunger was again replacéd, and the mold-plunger assembly was put into‘a vacuum
unit which pérmitted the application of mechanical pressﬁfe while under vacuum.
A Black Hawk Hydraulic Press (Black Hawk Collision and Répair Div., Milwaukee,
wisconSin):appTied 3,000 to 4,000 psi to the Hb, forming a disk-shaped.pe]]ef

1/4-in. in diameter. After about three to five minutes; the mechanically applied
pressure was released and;the vacuum was removed. The mold-assembly was then
taken from the vacuum unit, and the Hb pellet was carefully removed from the
mold. This same procedure was repeated with the Alb. The Hb and Alb pellets
thus obtained were mounted next to each other in the center of the quartz disk
(Fig. 1) with colloidal graphite in alcohol (Dag, Acheson Colloids Co., Port
Huron, Michigan). This standard reference preparation was carbon-coated a]ong

with the cell preparations described in the previous section.
EMPA

In the electron microprobe, analysis was performed'on,each erythrocyte -
while under visual observationw~ The cell was counted:for a tdta] of five
minutes'(iﬁ five 1¥minute intervals). Two elements (Fe and Si) were analyzed

simultaneously. The x-ray backgrounds were measured in noncell areas of the
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supporting quartz disk with the spectrometers held in their respective peaks.
Probe standards, pure Fe and S1'02 were used to maintain similar probe conditions
from experimént to experiment and for probe stability Chécks. Intensities of
the probe standard and reference standards and their respective backgrounds

were measured before each series of ten cells.

The relative concentration values in the red cells were estimated by using
the average value of the net intensity of the cells in conjunction with net in-
tensity values and known cdncentrations of the reference standard as provided by
this mathematical relationship: CC = IC/IS X Cé where Cc is the relative mean

iron concentration in the rbc; C_ is the known average iron concentration value

s
of the reference standard in wéight per cent (i.e., g/100g), jc'is the mean net
Fe Ka intensity obtained from an rbc, and IS is the mean net Fe Ka intensity ob-
tained from the standard. The concentration values calculated in this ﬁanner
were not corrected for ZAF Qifferences between the sample and the standard since
these effects should have been small due to the simi]arity bétween the cell and
the reference standard ih cémpositibn and nature of matrfx. |

The detection sensitivity of the EMPA was computed apcOrdfng to the equa-

tion of Liebhafsky et al. (14). In addition to the three sigma computation

above, a 95% confidence interval was also combuted.
SEM-EDX

In the scanning electron microscope, se1ected post—EMPA and thin film
(Formvar) preparations were examined in the secondary-eTectroh image and x-ray
modes. The images were recorded by making.a 40 and 70 sec scan. ‘Energy disber-
sive x-ray spectka were obtained by using an attached‘]iqﬁid'nifrogeh-cOoled Li-
drifted-Si'semiconductor x-ray detector, operating at an accelerating voltage

9

of 15 keV, beam current 1077 to 10']0A, and a takeoff angle of 45°. The Eondenser

lens and scan oil settihgs'were maintained at a constant setting. -



Estimates of Fe K-radiation per cell were obtained under the same SEM operating
conditions as those for the plotted spectra except for the x-ray count rate
integration perio&s (e.g., fivé 1-minute intervals for computed runs). Sub-
traction of background and integration of remaining peaks of the x-ray data
were obtained aufomatica]]y by a coupled mini-computer interfaced with the
scaler of the SEM x-ray detector. The print-out was recorded by an ASR-33

teletype and spectra plots were recorded by an X-Y input-output plotter.
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 RESULTS

Elemental Ana]ysis

The selection of the proper computer progrém for quantitation of the EMPA
intensity daté was a difficult matter because of the nature of biological speci-
mens. One should take into account also their thickness. The computer routine
used was DATATEXT, a general one, designed for the behavioré] sciences to per-
form basic statistics and ANOVA. The advantage of the use of such a scheme is
Tow cost and availability of a computer center for batch Ioading of IBM card

'fiTe data. Large quantities o% data can be run in seconds for under $10 at

current ratés.

Whole Blood Pfeparation

A preliminary experiment was carried out with air-dried whole blood smears
employed aé the Sample preparation for EMPA. This seemingly ideal specimen
preparation from the point 6f view of minimizing iron ]dss proved to_be host
undesirable for the following reasons: significant]y_higher mean backgroUnd
X-ray sigha]s; corresponding low signal intensities from thé‘ce]]s; and, more
importantly, a relative increase in the electrical instability (charging) of
the sample itself. Lechene (13) reported similar problems when EMPA was per-
formed on a specimen preparation of the same type as above.. Figures 2a, b, and
c show examples of the mentigned preparation. In Fig. 2b, salt crystals
(mostly sodium) and flattened, shrunken cells can be c]early:seen (Fig. 2c)
which shows cracks encircling cells' periphery at high magnification. This

surface discontinuity contributes to sample instability, i.e., a charging arti-

fact that is denoted by the peripheral halo seen at a]]imagnifications.
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Sample Stability andvDurability_

Standard deviation of the mean was obtained through manual caléulations as
well in order to detect variation in multiple readings on the same cell and, in
particular, tpllook‘for systematic change in successive readings which would
reflect detérioration of the sample by the beam. | |

Table I, showing sample stability and durability under analysis, yields the
following conclusions:

(]) yarjatipn»among §uccessive readings on the same cell or pellet (ref-
erence sfandard) sample is random and sma]] within Timits of acceptabil-
ity for statistical comparisons of samples; |

(2) no significant degradation of the cell under probe‘took place during
suc;essive readings;

(3) din terms of stability ofvce11 preparation, tﬁere was no measurable in-

fnstabi]ity when analysis time was extended’threefb]d.
Characteristics of Background (NB)

Two conéiderations entered examining NB traits: vto détermihe:NB as affected
by the supbort ff-Sioz, i.ef, the inseparable Bremsstrahlung and environmental»
sources; and thé other was the organic matrik Alb, e.q., sigha] specificity;

The data in Table II — Characteristics of Background(NB) —— can be sum-
marized as follows: | . _» | |

(1) the support and tﬁe preparétive procedures and milieu yield a back-

ground so low as not to obscure'the NL derived from the analyses;
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(2) the protein pellet has similarly low nonspecific values; and

(3) the pellet provides the better background characteristic.
. Energy Operating Potential

To defermine the optimal instrumental applied potential, a sufficiently
broad range was tested.

Table III, which indicates choice of energy operating potential (i.e.,
15 keV), shows the maximal and minimal levels and the intermediate 1e§e1 select-
ed as optimal for ﬁse. These results were based on actuai measurement of Tow

Fe concentration in single cells.
Constancy of Cell Population .-

Findings on circulating erythrocytes of the same blood sampTe were deter-
mined from normaT subjects. In each normal subject, the sample was divided
among three disks. Ten cé]]s were measured on each disk. Values were deter-
mined from five points on each cell (in cpm). Table IV,‘neatly condensing the
experiménta] design, shows the distribution of ethnic and réiated groups.

It was concluded tﬁat the average variation among ce11s}onvthe same disk
was s]ightly dver 13%, ranging from 6% to 19.4%. When éonsideréd'by individuals
or by groups,‘thé aVerdge variation was encountered amohgvgroups (11% to 14%),
thus giving added confidence to the objective of studying ethnic and related
groups; the initial analysis was done without ethnic'group breakdown (Tables

IV a, b, ¢).
 Effects of Time Lapse in Sampling SeqUence

The possible variation over a two-week period was”examined by breaking up
the foregoing determinations on normal subjects into data from the three suc-

cessive samplings in that time period (see Table V). The effects of time of
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sampling wére minor and fo]léWéd'no systematic change for differences among

mean readings yielded in the time period specified.

Constancy — Cells of Normal Subjects and Sickle Cell Anemia Patients

" Table VI, ‘the statistical treatment of data, defines well the constancy =

among- cells of normal subjects and sickle cell anemia patients; this data, when

viewed by dfsk, revealed n0'§ighificant difference between the groups. Inspec-.

tion-of the ranges and standard error of the data shown yields the following

conclusions. and suggestions:

(M

(4)

there was no significant difference in the Fe Ka total intensities

' froh the sickle-cell samples and fu]]*CompTement of normal cell

samples;

normal cell samples from Asians (top three sets in Table VI) tended
to run appreciably higher than similar samples from Blacks and Whites;
the latter two groups (middle and lower euhemic sets were esseﬁtial]y
similar);

the suggestion of somewhat high iron concentration in Asian erythro-
cytes (at least among subjectsvused in this study) pecame stronger
when analyses of the three disks per person weré cohbﬁned into figures
representing individual subjects; under these circumstances there was
no overlap between fhe lower values in Blacks and high values in
Asians, and only slight overlap between Whites and'Asians;
continuing to treat the data from individual Subjects, the Black normal

and Black sickle cell groups were virtually identicé].

Thus, with all hecessary reservation regarding the adequacy of sampling

numbers in the various groups, it appears that the average iron content of red .

cells and its distribution among individual red cells is closely comparable

across ethnic groupings (with a'possibility of higher level in Asians);
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fufthermore,‘in the blood dyscrasia chosen (sickle cell anemia) the iron content

of individual cells remains within the normal range.
Relative Frequency Distribution of Fe Ka Net intensity in Human rbc's

The distribution of the iron values in the two popqlations of cells measured
was computed as the relative frequency of each of the values encountered (Tab]ev
VII) and plotted as a histogram (Fig. 10). It should be emphasized that these
counting rates are net values, i.e., above background. The resultant curve for
the cell population (i.e.; 300 red cells) showed a verychoée approximation to
the normal probability. The values from the sickle ce]l anemia samples are
added (shown-stippled in.the histogram). While the sample is small, leaving
many open classes, the frequency distribution confirms foregoing conclusions,
namely, that the greatest frequencies are found someWhat lower in the scale but

are still grouped according to a normal probability distribution.



Scanning Electron Microscopy

o ' . Secondéry Electron Examination

Some examples se]ected from many samp]es stud1ed are.presented be]ow to
111ustrate the potential capab1]1t1es that this. ana]yt1ca1 system, i.e.,
secondary and EDX modes, affords the b1o]og1st

The SEM m1crograph (F1g.11a) shows a typical morpho]ogy.of a euhemfc human
red blood cell. Although this cell consisted largely of water (65%), it tends
to mainfain more of its overall morphology by this‘preparative method, although
the fi]amentous aggregate, as an artfféct, Teaves something to be desfred
(seen in F1g llb) | |

| F1gure 12 shows the cel]u]ar morphology of a s1ck1e cell anemia. b]ood
sdmp]e Th1s m1crograph 1]1ustrates two images, one sickled (echinocyte) and
one norma] -appearing (d1scocyte) as 1dent1f1ed by Ponder (20). | |

) Figure 3 micrographically 111ustrates the morpho]ogy of red cells as fhey
appear.after heing prepared fn a manner sfmi]ar to the above red cells moUnted
on'smf2 . a
examined'withont the»aodition‘of any condoctive coating materials. There are

except that these are mounted on a thin'fi1m, allowed to air dry, and
signs of“celluléh collapse (f]dttening) and these cells ane'somewhat distorted.

| F1gure 4 shows SEM m1crographs in three-dimensional presentation (stereo-
pa1rs techn1que) of the above samp]es It is shown here depicting vertical
_d1sp]ay [Nesch Vert1ca1 System after Mannheim, (16)] This techn1que e11m1nates ‘.
the problems of convergence, 1nterocu1ar distance, and p1cture size.

Figure 5 illustrates the use of finder grids (a]phabetized) for X-ray

spectrometry in the SEM (or EMPA). Thus, single cells are selected by SEM
imaging. The pre-analysis micrograph is made; then x-ray spectrometry is perQ

formed, etc., and postanalysis micrographs can be accomplished of said cells.
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EDX Analysis

A scanning electron micrdscope——-energy dispersive system for thesemi-quali-
tative analysis 6f purified human hemoglobin and human serum albumin (i.e., the
reference standard)——-was used in forming the spectrdm shoﬁn in Fig; 6. The
spectrum, representing the x-ray energies for first quarter of the Periodic
Table has prominent peaks for Si and S, and also well-defined peaks for C],.K,
and‘Fe. ‘ |

Figure 7 is the specfrum representing the.x—ray analysis of a single human
rbc mounted oh SiO2 and the cdrresponding off cell analysis; this spectrum has
a strong peak for Si with well-defined Fe and Cu peaks as well; Sf measurement
is against a very high continuous radiation background ref]eéting the high ex-
citation rate of‘Si._ The Cu peak is present in both 6n ce]lvand off cell spectra.
and probably repreéents the copper parts of the instrumentAas a remote source.

Figure 8 shows the spectrum representing the anaiysis of a single human
rbc mounted}pn.thin film. The Ka x-ray lines of Fe, Cu, S, Cl, Si, and Al are
shown. Irbh‘aﬁdhsulfur afe shown as prominent cell componenfs. Background
continuous radiation count has been reduced to 20% of the value when the cell
was ana]yied on the quartz disk mount. The large Cu peak'is‘due to the support- -
ing copper grid. | “ | _

Figure 9 il]ustrates the typical Fe_Ka X-ray lines_pf the X-ray energies
for a sing]e,humanvrbc mounted on a quartz disk compared to one mounted on thinﬁ
film (iséTated pedks); the adverse affect of a very high contfnudus radiation

background is explicit.
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Data Reduction

X-ray counts for Fe were also made for a series of ten euhemic red cells.
Table VIII gives the statistical treatment of the mean total x-ray intensity -
value for each cell and for the white radiation. It was concluded from the
statistical treatment of these data that the average variation among cells was
a little more than 21% and ranged from a Tow of 1% to a high of 85%. When an
estimated vériation for the corresponding off cell analyses on the same sample
is being considered, this average value is slightly over 1% less than the var-
iation obtained from the on cell analyses; however, the grand mean for the NT
value in this case is 5% higher than the latter.

The results of the x-ray counts from a blood sample from a sickle cell
anemia patient, arranged by cell morphology (sickle and normd]—appearing cells),
are seen in Table IX. This analysis yielded similar conclusions when compared.
with the data above.

Table X shows the analyses of eight euhemic cell types hounted on thin
film. The conclusions drawn from these trials are: (1) the thin film support
effected a substantial decrease in the NB intensity; (2)-NT showed a correspond-
ing reduction; and (3) the NT/NB intensities were not signfficant]y_improved by

this approach.
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DISCUSSION

The subject of %-ray spectrometry, as employed by the EMPA system
according to Bragg's Law and as utilized by SEM-EDX system according to
Moseley's Law,lis well established; and information obtained from eitherrsystem
is qualitatively the same; howeVer, detection 1imits impose certain restraints
on their resolution if comparisons are to be made.

In practice, then, there are of interest important drawbacks that have
become evident through thevuse of EDS in EMPA and SEM systems in biological
studies: increased background signal; serious energy interferences at low
X-ray energy; x-ray sources remote from the specimen (backscattered electrons
from the specimen generate x-rays indiscriminately upon striking ény object
inside the specimen chamber as well as the chamber wall); low peak-to-background
ratios (P/B). It is important to note that while a father convincing argument
can be made against the use of P/B because they may not>te11 fhe wﬁb]e story
in a direct comparison of WDS and EDS systems, the faét'femains, hevérthe]ess,
that intensity or P/B data are essential to the quantitatiﬁe aépects of x-ray
microanalysis (11). - :

: NoteWorthy are the previous studies (WDS and EDS in EMPA) in which
accuracy was the utmost concern in WDS systems, and‘ﬁbeed and greater spectro-
meter. sensitivity were the prime motivation in EDS systems. Lechene (13)
routinely observed a P/B of 50 from his EMPA of 160 mM Na/kg wet weight, while
Dorge and associates (8) reported a low P/B of approximate1y 0.3 in studying
Na in frog skin as a calibration curve on comparable samp]es when using EDS on
the same standard samples as Lechene above. The EMPA permitted the better res- .
/ olution. The work reported here extends this kind of a study by directly
examining the Fe content within individual human rbc's whéh the average P/B

was on the order of 2.2:1 for the Fe analyses, while on the SEM-EDX system the
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ana]ysés bf the post-EMPA samples were 1.2:1 at best;‘ The fwo above x-ray
spectromefry systéms have been described (1). |

Lihits on enefgy resolution in thé EDS impose restraints on the EDS.
For example, Lechene reported using WDS fo obtain an energy resolution
smaller than 10 eV at 5.9 keV whereas the EDS detection ét best will have a
reso]utibn of about 142 at 5.9 keV as measured by Hayes and PaW]ey (12) for
MnKa. In practice this means that the WDS may differentiate between Mg and
Na whi]e.the EDS system may not. It has been reportgd.that almost all com-
mercially available EDS systems cannot resolve peaks of adjacent elements in
the range Be to Na. Reports of EDS ana]yses.reflect the peakvoverlaps of Ca
and Sb because of low concentrations of the elements of interest (25, 24),
although suth ovérlapsvéou1d easf]y.have been recognized with WDS. As another
exahp]e, Sutfin et al. (26) demonstrated Os interference with P. Further,
there are reported examp]es of other problems that can arise with EDS: eScape
peaks (extraneous xFray peaks that appear in the spectrum and are related to
the efficiency of a particular detector); pulse pile-up (summation of two or
more Xx-rays entering the detector very ciose together in time; an electronic
method of rejecting pﬁ]se piTe—up is currently availab]e);'iaCk of discrimi-
. nation as to x-ray source in particular peaks originatfng from outside the
ana]yzed.vo1ume and due to backscattered electrons (4, 17).. These prdblems are
of special siéhificance when measuring light elements, e.g., 11 < Z < 20, be-
cause of x;;;yvabsorption in the detector window (usually bery11ium sheet |
approximately 10.u thick) and in the Tithium-drifted—silicon chip itse]f; due
to such hindrances, these elements are not ﬁsually idéntified or ana]jzed by
means of éhergy dispersion (TO). The performance of the WDS X-ray system in
the EMPA and SEM as well is superibr in the.abi]fty'to detect light elements

(important ones in biology are C, 0, N, and F in dentistry).
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Comparative performance of the systems (WDS and EDS in SEM) is considered-
below. In SEM applications, WDS systems are generally capable of much better
resolution than EDS systems; in the latter case a count rate limitation places
“restraints bn its resolving capacity.b Woldseth (29) suggested that under this
condition decreased reso]utign is due to pulse pile-up in the detector.

Detectability limits and mass sensitivity are highly controversial sub-
jects in the literature and at scientific meetings. It has been found that
calculated 1imits of detectability for EDS and WDS systems depend as well, among
other things, on beam current and matrix. When comparisons are made between
the two systems, vaiues of P2/B'are usually considered becauﬁe sensitivity of
an analysis is calculated in.terms of weight-fraction or in terms of the abso-
Tute quantity; both require peak quantity and batkground quantity. The use of
these values alone can be deceptive (15). | |

In practice, the intrinsic counting rate Timitation for EDS systems in-
creases the difficulty of accurately measuring the small P/B differences
(typically associated with elements in low concentration). Spectra interferences
(peak oVer]ap) also become troublesome.

In terms of the‘sensitivity of the above technique, the author's value
for minimum detectable limits (MDL) calculated from the SEM-EDX data waS 0.19%
corresponding to a 95% confidence interval of 0.15 to 0.53% for the Fe value of
the rbc (0.34%). Howeveé, the experimental intensity data wére found to be
low: 1in evidence is a small peak_superimposed over a huge background (see
Fig. 9). Routiné]y, the calculated Tow detectability limits in EDS systems
have, in practice, not been found to be applicable to a broad range of SEM
studies bécause of the aforementioned intrinsic difficu]ties. In this regard,
EDS systems seldom perform to their theoretical capabi]itiesvexcept in x-ray -
fluorescence applications (which are not subjected to the many restrictions of

SEM applications). The MDL estimate for EMPA was computed in a similar manner:
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first, for the reference standard and second, for the cell on quartz. It was .
found to be, respectively, 0.02% (a 95% confidence interval rénging from 0.32
to 0.36%) and 0.11% (a range of 0.23 to 0.45%). In ce]]uTaf anaiysis, a decrease
in sensitivity equivalent to over fivefold when compared to the MDL using the
conditions of the reference standard. Under these conditions-of EMPA, the iﬁ-
tensity data support the calculated minimum detectable concentrations measured
experimentally. Therefore, in terms of quantitative ana]ysié, better resolution
makes the WDS systems far superior, especially for 1ow'concentrations and chemi-
cally complex matrices. The results of the analyses shown in Table XI Elear]y
demonstrate the tbntention that the cause of the genera]vquantitative inaccuracy
of the EDS relative to the WDS is directly related to P/B’'s ‘and the resolution
differences of the two instruments. The table also illustrates that the P/B
for the SEM application is.a factor of two higher for the WDS (i.e., better
sensitivity). The low P/B for EDS becomes especially éritical when considera-
tions of peak minus background are made.

In this study, the relative iron concentration values computed in this
manner are 1ow;“ Each mean red cell value represents according to estimates ob-
tained from muiti-ce1] analyses, an iron content of 0.34% of hemogiobin [which

-13 g, the ab-

constitutes 95% of the dry cell weight corresponding tb about 10
..solute‘va1ue calculated for iron per rbc.——-based on 3 x 108 molecules as the
mean hemoglobin corpuscular concentration by Wintrobe (28)].. In this connection
the relative standing of the iron determinations obtained in thfs present study
is somewhat improved. While the determinations have beén obtained from single
ce]]s.analyses, other measurements by.mu1tice11u1ar analyses are available.

Those of wet chemistry, absorption spectrophotometry are: -DdWen (9) reported

] red cell concentration calculated from blood to plasma (blood,

1

0.34 mg 1°

0.27 mg 1'1; plasma, 0.043 mg 1~ g); Delves et al. (7) 381 x 102 mg per 100 mg
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and also correlated lowered concentration of iron in whole blood samples with
blood pathology (e.g., in anemia); and Schroeder and Nason (23) iron estimates
were reported in terms of mg total body blood, plasma, and rbc in reference man:
2,500, 3.6, and 2,400, respectively, with 70.5% in hemoglobin. The latter iﬁ-
dicative of a mean -corpuscular hemoglobin concentration of 30% [found over four
decades ago by Wintrobe, (27)].

In addition, the EDS is sensitive to extraneous x-rays impinging on the
detector from widely varying directions and sources (e.g., excited from remote
areas by backscatteredwelectrons;‘from instrumeﬁt components;.from transmission
grids; and from secondary.excitation of remote sample regioh). Figures 7 and
8 show examples of this feature of the EDS. The prominent Cuipeaks seen in both
spectra have their origin outside the analyzing volume. .The’copper X-rays are
from parts of the instrument, thin film, supporting copper grid, respectively.

This. situation in-thé case of the WDS;EMPA is nof possible due to the
restraints imposed on this system by Bragg's Law by which fhe:wDS is sensitive
only to x-rays originating*from a point source that. has a precise location on
the Rowland Circle. Collimation further reduces the contribution of extraneous
x-ray signals seen in the SEM;EDS data. The WDS, because of its cépabi]ities —
high spectral resolution, low concentration, and light element detectability —
offers the major overall advantages favoring x-ray spectrometry of.bio1ogica1

materials.
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Table 1

.Interaction of Beem with Sample

("Durability” Tests)

. + ++
Series NT NL
I. Human hemoglobin 372 3L3

(pressed powder pellets) 355 307

347 31

10 tests 369 330

359 325
365 325
372 3L6
367 331
353 31l
354 ‘313
I1. Same cell 95 20
' 103 30
15 tests as follows: 102 32
105 - 3L
10 tests 100 25
98 -
105 -
106 -
109 -
12 -
30-minute intervel
5 tests 95 -
103 -
107 -
136 -
82 -

1

. lipes in cpm).
++

Ny = total intemsity (i.e., peak of the Fe K_

B

K, = pet intensity (= corrected for total back-
ground contributions by subtraction of XN

).
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Table 11

Magnitude of Background Contridbutions

Stendardizetion runs

Kature of NB tested®

Grand mean+
(normal)

-
Grand meen'
(sickle cell)

Support (Sioz)

.Protein pellet
(buman serum albumin)®¥

65.584 ¢+ L.0

L3.351 + 2.6

62.007 + 11

L6.800 + 8.5

(See Protocol Appendix B)

_ ®*Backgrounds tested at time of running normal and sickle cell

prepersations.

##5ee "Materials and Methods" section.

TMeans are unwveighted averages of cell means.
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Table III

Sensitivity at Different Accelerating Potentisals

Accelerating
potential tested

Intensity readings

(NT from cell¥*)

*
NT/NB *

10 KeV

15 KeV

18 KeV

80
68
81
53
L8

183
163
168
227
212

i72:
199
222
258
209

132

1.269

2.994

1.60€

®iature specified in "Materials and Methods"

¥*Pegk-to-background ratio.

section.
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Table IV
Experimental Design
Number Kumber of cells | Total number

Group | per group Category per subject of cells
A 3 Asian 30 90
B 3 Black 30 90
W 3 White 30 90
B(S) 3 Sickled 10 30

Total pumber of cells anélyied_= 300
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Table IV-a

EMPA
Protocol of Computer Basic Statisties, NT"
Grouped by Disk (for Euhemic Cells Only), Person, and Group

Disk
Disk o >
pumber Mean SD V# N | Variance (SD)

1 135.900 14.209 | 10.k46 10 - 201.897
2 152.0290 12.658 8.33 10 160.226
3 138.940 10.082 7.27 10 101.651
L 177.000 34,343 19.40 10 1179.459
5 147.620 12.583 8.52 10 | .158.321
6 13L.320 12.301 9.1€ 10 151.321
7 | 136.6k0 11.475 | 8.28 10° 131.697
8 f“156.380 13.043 8.3k 10 | 170.117
9 1L9.700 1L.055 9.39 ; 10 197.5k5
10 ©124.000 8.Lk2g 6.80 10 ‘ 71.056
11 137.200 2L.0oko 17.53 1 10 578.37L
12 128.460 10.€32 8.28 10 | 113.032
13 140.900 10.881 7.70 10 |. 118.393
L’ 13L.600 | 13.253 9.85 10 175,61
15 131.080 15.581 11.69 10 | . 2Lz.76k
16 131.600 13.363 10.1k 10 | 78.567
17 126.080 g.oko 7.17 10 81.727
18 131.0L0O 11.00k4 " 8.40 10 | 121.08k
19 117.060 11.075 9.L46 10 -122.651
20 135.720 8.610 6.3k 10 - Th.ako
21 132.1k40 11.483 8.69 [ 10 | 131.855
22 130.340 | 7.85k 6.03 10  61.687
23 132.9Lk0 1L.938 11.2k 10 223.13%
2k 143.300 1L.7LE 10.24 10 . 217.507
25 150.360 1k.s554 9.68 10 211.833
26 143.180 12.866 8.95 10 | 165.527
27 129.000 12.772 9.90 10 | 163.113
138.138 18.503 13.39 | 270 342.3LL

*Fearson's Coefficient of Veariation.
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Table IV-b
Person
Cell Person Variap;e
type number Mean SD ' N "~ (sp)
Euhemic 1 142,287 | 14.265 | 10.03 | 30 | 203.k491
2 152.980 ( 28.536 | 18.65 | 30 | Bik.329
3 148.2k0 | 14.831 | 10.00 | 30 | 219.955
L 129.887 | 16.858 | 12.99 | 30 | 28L.207
5 135.527 | 13.980 | 10.32 | 30 | 195.L29
6 129.6Lk0 | 11.557 8.91 | 30 | 133.556
7 128.307 | 13.226 | 10.31 { 30 | 17k.923
8 135.527 | 14.099 | 10.L0 | 30 | 195.782
9 140.8LT | 16.091 | 11.42 | 30 | 258.917
Sickle 10 137.240 ! 21.211 | 15.4€ | 10 | LLg.911
: 11 122.020 | 17.93k | 1Lk.70 | 10 | 321.62C
12 131.900 | 10.9€2 8.31 | 10 | 120.16€
127.363 | 18.€3L | 13.57 | 300 | 3k7.212
Table IV-c
Group

Variance

Group Mean SD v N (SD)2

A |147.835 | 20.778 | 1k.05 | 90 | k31.729

B 131.68L4 | 14.553 | 11.05 | 90 | 211.785

w 134,893 | 15.404 | 21.k2 | 90 | 237.283

B(S) 1130.387 | 18.357 | 1Lk.09 | 30 | 336.978

137.363 | 18.634 | 13.57 {300 | 347.210
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Table V

Effects of Time Lapse in Sampling Sequences

Among Asian Subjects

Subject ' >

Week | sample Mean, Nq SD v (sD) )
I A 135.900 14.209 # L.,5 | 10.L45 | 201.897 | 10
B 177.000 34,343 211 9.L0 | 101.651 | 10

c ,138.640 | 12.k75 2 L.6 | B8.28 | 131.667 | 10

II A 152.020 | 12.658 = & 8.33 | 160.226 | 10
B 1k7.620 12.583 £ L 8.52 { 158.321 | 10

C 156.380 13.043 = L 8.34 -] 170.117 | 10

III A 138.9L0 10.082 = 3 7.26 { 101.651 | 10
B 13k.320 12.301 = L 9.16 | 151.321 | 10

c 1k9.700 14,055 + 4 9.39 | 197.545 | 10




Table VI

Net Intensity (NL) Values—
Corrected for 3102 Background

Means
Group Disk Person | Group
Euhemié 72.500
71.020 73.L
76.740
116.800 : 1
79.420 89.1 80.52k
T71.120
79.6L0
83.180 80.0
77.300
62.800
67.800 €5.0
6L.380 ‘ \
73.900
T2.140 €9.9 67.140
63.720
68.200
6L.880 66.5
66.L4L0 S
58. 689 :
67.320 65.3
69.760
6L4.260 A
68.1k0 68.0 70.060
71.700 ——
76.780 76.9
69.200
Sickle | 78.140 | 78.1k0
58.900 | 58.900 | 68.380
68.100 68.100 | ~==eew




Table VII

Relative Frequency Distribution of Fe Ku Net Intensity (NI) Values of luman Red Blood Cells

Red blood cells

Sickle cells

| Relative | Percentage Relative Percentage
Counts/300 sec Frequency frequency of.NL values Frequency frequency | of NL values

175-199 1 0.0033 0.33 1 0.0333 3.33
200-22h 1 0.0033 0.33
225-24L9 16 0.0533 5.33 3 0.1000 10.00
250-27h 20 0.0666 6.66 N 0.1333 13.33
275-299 33 0.1100 11.00 Y 0.1334 13.34
300-324 39 0.1300 13.00 6 0.2000 20.00
325-349 41 0.1376 13.76 2 0.0667 6.67
350-37h 36 0.1200 12.00 2 0.0667 6.67
375-399 28 0.0933 9.33 2 0.0667 6.67
Loo-L24 28 0.0933 9.33 2 . 0.0667 6.67
L25-4k9 19 0.0633 6.33
450-LT7h 12 0.0k400 L.00 1 0.0333 3.33
475-499 | 0.0233 '2.33 1 0.0333 3.33
500-52k 4 0.0133 1.33
525-L49 9 0.0300 3.00 . 1 0.0333 3.33
550-5Th4 ' ' :
575-599 1 0.0033 0.33
600-624 1 0.0033 0.33 1 0.0333 3.33
625-649 . _ : :
650-674 2 0.0066 0.66
675-699 1 0.0033 0.33
700-72h
> 1000 1 0.0033 0.33 .

300 1.0000 100.00 30 1.0000 100.00

.-Vs..
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Table VIII
Total Intensity (NT) Values for Fe X in Euhemic Cells on Qﬁartz
| Mean sD | Vv - (sD)?

Cell | 3395 132 3.89 17,k24

: 3249 145 L.L6 21,025

ko12 121 1.06 1k,6L41

3935 L7 1.19 . 2,209

3836 150 3.91 22,500

38LL 136 1.54 18,496

3885 2213 56.96 4,897,369
2178 1777 81.59 3,157,729
1L93 73 L.89 5,329
2530 2150 8L4.98 4,622,500

3236 69k 21.46 182,191
Support 3708 230 6.20 52,900
3627 107 2.95 11,L49
k220 139 3.29 19,321
L1L7 53 1.28 | 2,809
LoLk 1k2 3.51 20,16L
4200 8l 2.00 7,056

3840 2136 55,62 L,562,k96
230k 1957 8L .94 3,829,849
1495 50 3.3k 2,500
2ks50 1942 79.27 3,771,364

3L03 . | 684 20.09 167,856
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Table IX

~ Total Intensity (NT) Values for Fe K in Red Cells
from Sickle Cell Anemia Patients on Quartz

Mean SD \' (SD)2
Cell 3636 1399 38.48 1,957,201
: 1292 37 2.86 1,369
Sickle 125k 65 5.18 L, 225
: 1239 L7 3.79 - 2,209
1310 80 6.11 | 6,400
1213 L3 3.5k 1,849
1657 278 9.99 328,875
Normal | 3633 | 1677 | L6.16 | 2,812,329
appearing | 1368 L3 3.1k 1,849
1223 36 2.94 1,296
1229 69 5.61 4,761
130k 67 | 5.1k L, L89
12k2 52 4.19 2,704
1666 32k | 11.20 | 471,238
1661 201 10.59 400,056
Support | 3370 | 1800 | k1.58 | 1,960,000
1485 59 3.97 3,L81
1L15 68 4,81 , S 4,624
1365 L8 3.52 2,304
2061 1476 T71.62 2,178,576
1375 17 5.60 5,929
1845 521 | 21.8L 692,486




Table X

Intensity Values for Fe Ka of Euhemic Cells on Thin Film

Ny Ny N, Np/Ng
Cell 5TL 393 181 | 1.u6
2370, 1977 393 1.20
799 623 | 176 1.28
766 5838 178 1.30
869 605 264 1.L4
836 571 | 265 1.L6
803 536 | 267 1.50
766 kg9 267 1.5L
973 T2k 2kg 1.40
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Table XI

Fe K_ Intensity Values Comparison, EMPA and SEM-EDX

Iron Ka X-radiation

_ EMPA ' SEM-FDX
Cell type | * Quartz Thin film = | Quertz
Euhemic | Np [ 147 20 0.2 | 973 571 2 71 | 3226 69k + 69
Ng 68 724 ' 2902
NL 79 2k9 - 291
MDL 0.1% 0.1% 0.2%
P/B 2.2 1.3 1.
Quaftz
_ Sickle Rormel appe'fing
Sickle N, [ 132 18 * 0.6 {1657 278 * L6 | 1666 32k x 5L
Ny | 6% 1486 1548
N €8 118 100
- MDL 0.1% 0.3% - 0.4%
P/E | 2.1 ° 1.1 1a

*Legend: Total counting peak: NT counts

Background: NB counts y
Net count in peak: NL counts
MDL (wt%) 60 sec: MDL \\;

P/B ("Gross peak"-
to-Bkgd ratio): NT/NB
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FIGURE CAPTIONS .

Fig.

Fig.
Fig,
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1,

2a,

Diagram of reference standard preparation: pelleted human hemoglobin
and human serum albumin on support. : '

Scanning electron micrograph of whole blood smear, air-dried and carbon
. coated. X500. Acceleration voltage 10 keV, beam diameter 200 nm,
beam current 100 uA, scan exposure rate 40 sec.

2b Scanning electron micrograph of an air-dried whole blood smear. X2,000.

Acceleration voltage 10 keV, beam diameter 200 nm, beam current
100 pA, scan exposure rate 40 sec.

2¢. Scanning electron micrograph of a freeze-dried whole ‘blood smear. X10,000.

9,

10.

" Acceleration voltage 5 keV, beam diameter 300 nm, beam current 100 pA,
scan exposure rate 40 sec.

Scanning electron micrograph shows images of euhemic human red blood cells
mounted on thin film (Formvar). These cells are fixed-washed, then
mounted, air dried, and examined without any coating of conductive
material. X4,000. Acceleration voltage 10 keV, beam diameter 200 nm,
beam current 100 pA, scan exposure rate 40 sec.

Scanning electron micrographs illustrate the téchnique of stereo-pairs
in the SEM as displayed vertically rather than the usual horizontal
parallel pairing arrangement. X500. Operating conditions same as
Fig. 3..

Scanning electron image of the red cell selection procedure using the
alphabetized finder grid. X300. Acceleration voltage 10 keV, beam
diameter 200 nm, beam current 100 vA, scan exposure rate 40 sec.

EDX energy spectra of the reference standard. Acceleration voltage
15 keV; beam diameter 200 nm; beam current 100 pA; area scanned:
0.2u x 0.7u; T. V. scan rates; integration time 1,000 sec.

EDX energy spectra of a single human rbc mounted on Si0,. Compare
Fig. 8. Acceleration voltage 15 keV; beam diameter 200 nm; beam
current 100 pA; area scanned: 0.2u x 0.7u; T. V. scan rates;
integration time 1,000 sec. SR

EDX energy spectra of ‘a single human rbc mounted on th1n f11m (Formvar).

Acceleration voltage 15 keV; beam diameter 200 nm; beam current
100 pA; area scanned: 0.2y x 0.7u; T. V. scan_rates, integration
time 1,000 sec. :

A representat1on of an Fe K_ energy spectrum removed from a typical
EDX spectra plot. Intéegration time: five T-minute scans at
T. V. rates; analyses: on and off cell; cell mounts: quartz
disks and thin film (Formvar).

Histogram of results for quantitative analysis (EMPA) using data from
Table VII. Relative net iron K-radiation d1str1but1ons are given.
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Fig. 11a. Scanning electron image of a euhemic human red blood cell. The
biconcave, rounded shape in appearance is observable. X5,000.
Acceleration voltage 10 keV, beam diameter 20 nm, beam current
100 pA, scan exposure rate 70 sec. '

Fig.. 11bs Scanning electron image of a euhemic red blood cell. Though b1concave,
rounded appearance is yet observable, some flattening, too, is
in evidence. X5,000. Acceleration voltage 10 keV, beam diameter
20 nm, beam current 100 pA, scan exposure rate 70 sec.

Fig. 12. Scanning electron images of sickle cells in discocytic and echinocytic
forms. X5,000. Acceleration voltage 10 keV, beam diameter 20 nm,
beam current 100 uA, scan exposure rate 70 sec.
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Diagram of reference standard preparation: pelleted human hemoglobin
and human serum albumin on support.
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XBB 767-6574

Fig. 2a.
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XBB 767-6576

Fig. 2b Scanning electron micrograph of an air-dried whole blood smear.
X2,000. Acceleration voltage 10 keV, beam diameter 200 nm,
beam current 100 pA, scan exposure rate 40 sec.
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XBB 767-6572

Fig. 2c Scanning electron micrograph of a freeze-dried whole blood
smear. X10,000. Acceleration voltage 5 keV, beam diameter
300 nm, beam current 100 pA, scan exposure rate 40 sec.



XBB 769-8498

Scanning electron micrograph shows images of euhemic human

red blood cells mounted on thin film (Formvar). These cells
are fixed-washed, then mounted, air dried, and examined with-
out any coating of conductive material. X4,000. Acceleration
voltage 10 keV, beam diameter 200 nm, beam current 100 uA,
scan exposure rate 40 sec.



Fig. 4

XBB 7610-9356

Scanning electron micrographs illustrate the technique of

stereopairs in the SEM as displayed vertically rather than
the usual horizontal parallel pairing arrancement. X500.

Operating conditions same as Fig. 3.



Fig. 5

XBB 767-6567

Scanning electron image of the red cell selection procedure
using the alphabetized finder grid. X300. Acceleration
voltage 10 keV, beam diameter 200 nm, beam current 100 uA,
scan exposure rate 40 sec.
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XBL7611-10710

Fig. 6 EDX energy spectra of the reference standard. Acceleration voltage 15 keV; beam diameter 200 nm;
beam current 100 pA; area scanned: 0.2y x 0.7u; T. V. scan rates; integration time 1,000 sec.
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Fig. 7 EDX energy spectra of a single human rbc mounted on Si0,. Compare Fig. 8. Acceleration voltage
15 keV; beam diameter 200 nm; beam current 100 pA; area scanned: 0.2u x 0.7u; T. V. scan rates;
integration time 1,000 sec.
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Fig. 8 EDX energy spectra of a single human rbc mounted on thin film (Formvar). Acceleration voltage
15 keV; beam diameter 200 nm; beam current 100 pA; area scanned: 0.2u x 0.7u; T. B. scan rates;
integration time 1,000 %gc.
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Fig. 9 A representation of an Fe Kq energy spectrum removed from a typical
EDX spectra plot. Integration time: five 1-minute scans at T. V.
rates; analyses: on- and off-cell; cell mounts: quartz disks and
thin film (Formvar).



Fig. 10 Histogram of results for quantitative analysis (EMPA) using data from Table VII.

iron K-radiation distributions are given.
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XBB 768-6876

Fig. 1la Scanning electron image of a euhemic human red blood cell.
The biconcave, rounded shape in appearance is observable.
X5,000. Acceleration voltage 10 keV, beam diameter 20 nm,
beam current 100 pA, scan exposure rate 70 sec.
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XBB 768-6875

Fig. 11b Scanning electron image of a euhemic human red blood cell.
Though biconcave, rounded appearance is yet observable,
some flattening, too, is in evidence. X5,000. Acceleration
voltage 10 keV, beam diameter 20 nm, beam current 100 uA,

scan exposure rate 70 sec.
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XBB 767-6577

Scanning electron images of sickle cells in discocytic and
echinocytic forms. X5,000. Acceleration voltage 10 keV,
beam Yiameter 20 nm, beam current 100 pA, scan exposure
rate 70 sec.
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