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THE DETECTION OF ELEMENTS IN
EIOMEDICAL. FLUIDS ETYT LASER-
INDUCED BREAKDOWN SPECTROSCOPTYT

THOMAS R. LOREE

LOS ALAMOS NATIONAL LAEBCRATORY

ABSTRACT

Laser-induced breakdown spectroscopy has been used for the
Qualitative elemantal analysis of human blood, sweat, and serum,
The detection of most trace elements, especially metals, was

demonstrated.

INTRODUCTION

Laser-induced breakdown spectroscopy (LIES) is a technique
for the elemental analysis ot samples 1n any physical state, in
situ end in real time, We have applied this technique to
preliminary demonstrationgs of feasibility for the analygis of the
human body fluids blood, sweat, and serum, LIES i1s a variation of
atomic emisgion spaectroscopy (AES), 1m which tria sample 1s truly
atomized und excited in a plasma formed by |aser-:>nduced
btreakdown, During the lifetime of the plasma, all the excited
species (neutral atoms and ions) radiate their unique sets of
spuect-al lines, Detecting these spectral fingerprints to deduce

elemental compositions is the heart of alil AES techniques. The



wavelength of the laser ugsed to form the breakdown is not
important, but the requirement of high power dicrtates a pulse
length of some tens of nanosecnndss the lifetime of the plasma
itself is tens of microseconds, The Atomic emission lines are
independent of the laser wavelangth, but the degree of ionization
does vary with enerqgy. At laser energies of several hundreds of
millijoules, only neutral and sing'y-ionized lines are seen,

In the course of laser development, laser-inducea breakdown
was observed as soon as high laser powers waere availlable, to the
detriment of @arly optical ccmponents., The phenemenon, and the
life of the plasma established by the breakdown, are auite
complexl. The spectral history of the p!asma, however, is quite
well-delineated, especially 1n a gaseous sample. The first
several hundred nanoseconds are deminated by white light,
followed by a peri1od of strong itonic emission, relaxing after a
microsecond tn a long peri1oa of neutral atomic emission and
recombinant molecular 1.nes,

Quite early, it was recognized that the emission from the

]
plasma could be used for atomic detectlion”, and that improved

51gnal-to-noi1se could be ohtained by using time resolucxona. By
sOmMEg Ccurious turn of events, howaver, the only form in which
lacers were commercially used for AES analysis was the |aser
mxcroprobe4. in which the breakdown only vaporized the sample,
The vapor was then drawn into a conventional elactric spark for
gxcitation. LIES 1tself saams to have been rorgaotten for somne
pariod of time,

We raediscovered LIBS in 1980 to solve the problen of probing

and analyzing coal gasifier product gtreams. Since LIBS requires

rJ



only optical access to a hostile envirorment, it was ideail for
3 , . )
that purpose . When the technigque was improved by adding time

resolution6'7. we found that it could be applied to a wide

variety of problems; the detection of berylliuma. the aralysis of
other airborne particulatesg. bulk quuidslo. metal alloysll, and
the present study, biomedical liquids.

In bulk ligquids, spectral emissions from single shots were
severdy repressed, and it required a double-pulsed technique to
elicit useful spectra, Since doubl!c-pulsing adds both complexity
ard expense to the apparatus, and since we wanted to avoid
working with large samples, a fresh approach to ligquid testing
was required. We found that LIBS% interrogation of a samplie soaken
tnto filter paper worked very weil, giving in effect a large
liquid surface without requirirg a macroscopic sampie, All data
prasented was ftakKen inm this manner, although nebulized and
microdrop sample; have also been successfully analvyzed.

Whole blood, sweat, and blood serum were used 1n thig study
because of their ready availability. Qther body li1quids, such as
spinal fluid, may be more approplate for actual applications of
LIES since smal) sample size and rapid analyzis 15 normally of
little advantage for the studied fluids. Hcwever, for a
feasi1bility demcnstration, any of these complex biomedical fluids

should illustrate the potential of LIBS detection.

THE EXPERIMENT

A schamatic of the apparatus that evolved ir these



experiments is shown in Figure 1. The laser beam (200 md of 1.06
um 1n a 15-ns pulse) entered from the left and was focused onto
the zamplie with a cylindrical lens (1S-cm focal length)., This
produced a rectangular focal spot Smm high by 1 mm wide, which
would barely produce breakdown on the surface. Twenty shots were
used ... each spot before rotating the sample to a new position,
and the damage to an irradiated spot was slight. This combination
of a gentle breakdown and few chots minimized the specctral
contribution of the Whatman 541 filter paper, Serum and sweat
samples were applied to the paper at full strength, but whole
blood had to be diluted with disti)led water to make 1t flow,

The coullected light was dispersed with a 1/2-meter
spectrometer and detected with a Tracor Northern time-gated
intensi1fied diode array. Time-gating is normally usea to good
effect in LIRS studies to aliminate early-time white liqht?. In
the data to be shown, the time window used was the interval 2-12
pus after the 13-ns laser pulse. The -~pectra were collected,
manipulated, and displayed by a Tracor Northern multichanrel
analyzer, then plotted out an an x-y recorder for hard copy.

As appropiate for a qualitative preliminary study, sample
coltection and preparation were rather casual, and open to the
possibilities of trace level contamination, For tnstance, sweact
wag collected during profuse perspiring by draipping onto filters,
and thus had the opportunity to pick up contributicns from skin
and clothing. After dryinqg the sample, the filter piper was
meunted by 1ts perimeter on a cylinder (which in turn was mounted
on the rotating stage of Fiqure 1), so that the inter~ogated area

wig free-standing. This procedure 1nsured that there could be no



question of backKing or mounting materials contributing to the
spaectra, Comparisons of paper alorne (wetted with distilled water
and dried) with sample-soaked paper led to the conclusion that
under run conditions, the paper contribution to the combined

spectrum was negligible,

BELOOD AND SERUM

It is obvious tiiat biocd and seru. are very complex
molecular substances, and this 1s also true #from an elemental
standpoint, A list of the normal elements to be founc 1n whole
blood is given in Table 112. and ircludes a fair fraction of the
enti ‘e periodic table, Since we ran these samples in open a:ir, C,
0, N, and Ar from air were 1nherent in all spectra, We will use
spectroscopic suffixes | and Il {(as 1n O I and O II) to denote
the neutral atom and sirgly-10onized state, respectively,

At the most basic level, what differences can we expect to
sgae between hlood and serum? In Table II we list the difrerences
in electrolyte 'evels between serum and blood celis. Clearly, we
should see more Na and Ca in serum. while the cells in whole
blood should e@nhance the K spectra, This last comhparison can be
seen 1n Figqures 2 ana 3, where we show the major K lines with a
nearby O line for a standard. Reiative to the O line, the
amplitude of the K pair 1n Figure 2 (blood) igs greater than that
in Fiqure 3 (serum!, In a likKe marner, the principal lines of Na
{(589,0 and 589.6) were stronger 1n serum than in blood, Since
there were no 1nvariant cof _..clson ling@s in those sractra, they

are not shown, The comparison for Ca, however, can be saan in



Figures 4 and 5. The UV portion of the spectrum iS much richer in
lines than the IR, so these spectra are more interesting, The
serum spectrum in Figure 4 contains contributions from a number
of elements; note the strang Ca lines and the weak (but definice)
Fe line at 302.! nm, In Figure S (blond) these two are reversed,
the Ca pair subsiding and the Fe line becoming the strongest,
avvmaraa -/

member of anwmeda@ amily of Fe ti1nes., Other elements se& = 1n
thes2 specrra are= Al, Mg, Cd, Cu, Sn, and Si. All of these are
corroboratea by spectral lines detected in other reqions of the
spectrum, although the strength of the "Al" lines in rigure 5
makes thac¢ identification suspect. A summary of the elements
detected will be given in Table IIl, In the trace elements, blood
and serum seem to be alike, save for Co and Ni, which were not
detected 1in serum,

Strong molecular lines (CH, CN, C,, and NH) were seen 1n all
samples, These are feit to be formed 1n recombination as the
pilasma cools, rather than being r~emnants ot parent molecules. In

ei1ther event they carry rno analyrical informatiaon, and only cerve

to confuse the analysis,

SWEAT

Perspiring 15 Known to be an effective pathway for the body
to rid 1tself orf metals; so much so that one treatment tor Hg
poisoning 1s to place the subjyect tn a sauna. Hohnadet et al.13
measured values for N1, Cu, Zn, and Pb, arnd noted that others had

detected traces of Al. Cr, Cao, Cu, Fe, Mn, Mo, Sn, and Hg. OFf

course, this list do not 1nciude tha major constituents, which



would include C, H, 0O, N, Na, Ca, K, and Mgq. Sweat wouid appear
to be as compiex in eiemental composition as blood or serum.,

Again, we wil) only give a few examples of the spectra
obtained, and save a complete listing of the eizments detected
for Table [1I1. Figqure 6 shows a large Cu peakj Cu was seen 1n
abundance in al) samples. Also notable in this example is fe,
which contributed many lines to the sweat spectrum.

The spectrum of Figure 7 shows large Ca peaks, with an
attendant pair of Al lines, S5trong C and Mg |ines dominate the
spectrum of Figqure 8, but there are some minor lines of interest.
This includes 3i, Mn, Co, Pb, and B, Boron is an unnatural
element, (but was verified by other spectra), and probably
resulted from contamination by detergent 1n the clothing of the
subject. The results listed im Table lII show that sweat 15
similar 1n elemental composition to blood; Fe is on the same
order, Zn 1s larger, and sweat does no'. contain detectable

amounts of S or Cl.,

CONCLUSIONS

A summary of the results fer aill fluids is given in Table
I1II, where (#) gigni1fies large peaks, (/) means definitely
identified, (7?) chows uncertainty 1n identification, and (-)
indicataes that tre element was not detected. A comparison with
Table I shows that we worked our way well into the trace
constituents 1n thi- preliminary survey study. One must be aware
that elensnts vary by orders of magnitude in their spectral

output, and thus one may gsee the sume line ampl!itudes from 10 ng



of Fe and 10 ug of S or F. The result is an erratic patstern of
detection on a list ordered by concentraticns. Unscrambling these
complex spectra is complicated because LIBS produces lines that
are intrinsically 0,2-0.3 nm wide. This fact, coupled with
unknown LIBS amplitudes and the complexity of the spectra, makes
unambiquous identification of all lines quite difficult, Hence,
for instance, the uncertalinty 1n assigr:ing the large peaks in
Fi_ure 9 to Al I.

We must emphasize the qualitative and preliminary nature of
this feasibility demonstration, and the i1mmature state of LIBS.
We do not present LIBS as having 1mproved detectabilities over a
standards laboratory technique itike AES in inductively-coupled
olasmas, altho.grh LIPS detection limits are within two orders of
magnitude in most cases. The strengths of the technigue are that
it Is field-deployable, requires little or no samole preparation,
works wich very smail sampies, and can gather i1nformation i1n real
time. In trying to guantifv LIBS spectra for other studies, we
have obtained useful working curves for a variety of situations
and on several different criteria, but we have only bequn to
attack the analvtical problems of accuracy and reprcducibiliity at
a level better than several percent, In summary, LIBS is a
demonstrated detuvction technique, but 1s Not yet 2 mature method
of accurate analysis,

As appiled to biomedical fluids, LIBS could be useful in a
number of ways. We suggest the rapid analysis of small sampleas,
field detection of meatals (as i1n heavy metal contamination or

polsoning), or perhaps as a quick sorting techniQue to select



sampies for more accurate analysis. This particular study has
been restricted to biomedical fluids, but LIBS can also be used
for tissuz analysis., In combination with microscopy, thtis cnuid

resuilt in a new type of direct laser microprobe.



TARLE L

ELEMENTS IN WHOLE RLOOD

ELEMENT WEIGHT /mi
CQH'O'N (Also ir air)
“Chilorides” 2,95 mg
Ca 370 ug
P 350 ug
Na 94 ug

K 46 g
Mg 40 pg

S 40 pg
Zn 8.8 pg
Si 8.3 ug
Bl" 8,1 ’.lg
Eb 3,0 pg
Cu 980 ng
Fe 485 ng
F 2300 ng
Pb 290 nag
Mn 200 ng
8n 130 ng
Au 120 ng
1 100 na
al 30 ngqg
Cd <10 ng
Co <10 ng
Ni : <10 ng
Ag <10 ng

Hg {10 ng



TARLE 1L

<

ELECTROLYTE LEVELS

&'.00D .PLASMA
CelLS OR SERUM ]
Na | 25 140
“ 110 4.5
Ca cooz | 10
~ (mM/liter)

CHM -VE-1412



TARLE T

DETECTED ELEMENTS

BLOOD SERUM SWEAT

C.,H,ON * *
Al *
B
Bi
Br
Ca
Cd
Cl
Co
Cu
F
Fe
K
Li
Mg
Mn
Na
Ni
P
Pb
S

« Si
Sn
Zn

*x

*
*

#“\ .\\#*'\ll
CANNCNNNNY 2 2 | e e *NVe * %N~ |
f ] Llsl Fe x Y N 2 el ox x| N <

NN SNCNCNCLL s s

CHM —VG — 393 4|
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CAPTIONS

Figure l: A schematic of the LIBS apparatus used to analyze
bload, sgerum, and sweat. The sample was s5oaked into Whatman S41
ashless fiiter gaper, dried, and mounter. on a rotating stage. The
lasegr beam (100-200 millijoules, 15 ns, 1,06 um) was focused only
on one arxis with a cylindrical lens, resulting in a rectangular
breakdowr: spot 2n the samp'e parall:l to the i1nput slit of the
spectrometer. With a 1/2-m spectroieter, a 1200 groove/mm
grating, and a 2,54-cm-wide diodg‘array, a 30-nm wide spectrum
was detected for each setting. "he diode array was time-gated to
eliminate the early white Yight backgrcund, and the data were

stored in a Tracor Northern multichanne! analyzer,

Figure 2: The spectrum of blood from 740 to 780 nm, showing tha
most prominent K lines, Note that they ure larger than vhe nearhy

0 line,

Figqure 3% The gpectrum of serum from 760 to 800 nm, A% axpected
from the lower concentratiorn of k 1n serum, the K peaks are

gmaller than in blood,

Figure 41 The spectrum of serum from 270 to 320 nm. Mg dominates,
but note the large Ca peaks 1n tha vertically expande. superior
plot., Serum 18 rich in Ca and Na, =so the 289,2/.3 peak ix a
composite of Mg and Na lines., Note algo the presence of 8n, Cu, na

small Fe line, and Al.



Figqure 5: The spectrum of blood in the same region as Figure 4.
The reduction of Ca and increase in Fe are obvious. The great
increase 1n the lines assigned to Al is suspitious, casting doubt

on this line assignment,

Figure 6: The sweat spectrum from 490-330 nm, The point of this
example is to show the large Cu peakK. Fe 15 has several n:ice

lines; Ca and Mg were abundant, as will be shown following.,

Figure 7: Sweat, 380-420 nm region., The large line pair from Ca
contains a believable pair from Al, All molecules are believed to

be formed in recombination,

Figure 8: A section of the UV spectrum of sweat, from 243 to
283 nm. Many elements are seen 1n this rich spectral region,
tncluding a group from 5i, lines from Mn, Co, Ph, and large Mg
and C lines, The detection of E was confirmed in other traces,
and musrt come from some contamination of the sampla, Such as a

detergant.,
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LIBS SCHEMATIC

PAPER ON ROTATING STAGE
(DILUTE BLOOD IN/ON PAPER)
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LIBS OF BLOOD: 740- 1280 nm
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LIBS OF SERUM: 760 — 800 nm
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