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THE DETECTION OF ELEMENTS IN

EIOMEDICAL FLUIDS BY LASEK?-

INDUC.ED BF?EAK13C)WN SPECTROSCOPY

THOMAS R, LOREE

LOS ALAMOS NATIONAL LABORATORY

ABSTRACT

Laser-induc~d breakdown spectroscopy has been used for the

qualitative ● lemfantal arlalysis of human blood, sweat? and serum~

The detection of must trace ~lements, especial Iy metals, was

demonstrated,

INTRODUCTION

La~ar-induced breakdown spectroscopy (LIES) IS a techn~q~le

for the elemental analysis or samples in any phvszcal statcf~ in

situ End in real time, We have applied this techniqu.~ to

preliminary dftmonstrationm of feasibility for the anal ygig of the

human body flulds blood, sweatt and serum, LIE:S is a variation of

atom~c emission spectroscopy (AES)J in which tl’)e sampla IS truly

●tomlxed tind excited In a plasma Iormod by Iaser-]nduced

hruakdown, During tha Iift?time of the plasma, all the t?xcl ted

spccles (neutrml atoms and ions) radiate their unlqu~ sets of

sp~ctral l~nas, Detsctinq th~sff #pectral flnqcrprlnts co daduce

● lemcntal compc)sltlons is the h-art of ● l I AES techniques, The



wave I ength of the ] ase,r used to form the breakdown is not

important, but the requirement of high power dictates a pulse

length of some tens of nanoseconds; the lifetlmt? of the plasma

itself is tens o~ microseconds) The atomic emlsslon lines are

independent of the laser wavel~nqthj but the degree of ionization

does vary with anergy, At laser energies of several hundreds OF

mllli~oules? only neutral and sing!y-ionized i ines are seen~

In the course of laser development, Iaser-lnducea breakdown

was observed as soon as high laser powers were aval I ab)et to the

detr iment of early optical components, The phenomenon, and tne

life of the plasma established by the breakdown, are aulte

complexl, Ths spectral history of the p!asma, however, 15 qu~~e

we] I-del lneatedj especially In a gaseous sample, The first

several hundred nanoseconds are dominated by white 1 lahtl

followed by a period of strorlq lc)nlc emission? relaklr,q after a

mlcrosecnnd tn

reCGlllbinr,nt mo

Quite ear

a long perlou Oc nuutl’al atomic f?mls.sion and

ecular l.nesl

VI it was recaqn~zed that the emlsslon From the

plasma could be used #or atnrnlc dat~?ctlc)r12, and that Improved

signal
,-
3

-to-nolsc could be obta~necl by usinq t~rria redolutlon , By

some curious turn of uventsl howevnr, the only fofm in which

lasers wmru comm~rclal Iy used for i4ES analysls wa~ the laser

4
microprobe ~ in which th~ breakdown only v~poriicd the srnmple,

Tha vapor was then drawn intO a COnVUtfltlOn~l (?i$fCCrLL. 5prnrk for

cxcltatlono LIFS ltsel? saems to hav~ been vorqotten Por some

period of time,

WU radlscovered LIES in 1980 to solve the probl~m of probir~q

and anal yzlnq coml gasl?ler product streams, Since LIHS raqu~ras

~



only optical access to a hostile environment) it was ideal for

that purposes. When the technique was improved by adding time

rQsoll.ltion6’7, we found that it could be applied to a wide

variety of problems;
3the detection of be?’yi 1 ium j the anal ysls of

9 10 11
o:her airborne partlculates ~ bulk liquids J met.1) alloys ~ and

the present study) biomedical Iiqulds.

In bulk Itquids, spectral emissions #rem slng]e shots were

sf?vem)y repressed) and it required a double-pulsed technique to

elicit useful spectra, Since doub!c--pulsinq add~ both complexity

and expense to the apparatus~ and since we wanted to atiold

worklnq with large samples) a Fresh approach to Ilquid testing

was required, We found that LIES interrogation of a samnle .soalit’~

Into filter paper wot’k?cl very weil~ oivinl in effect a Iarqe

liquid surface without requiring a macroscopic sample, All data

pruse?nted was ta~<en irl this manner, a)thouqh nebul lzccl and

microdrop samples have also bean successful ly anal vzedt

Whole blood, sweat, and blood serum were u.5ed In this StUdy

bacause of their ready availability, Other body Ilquids, such as

spinal fluld, may be more approplate for actual applications o~

LIES since small sample size and rapid analysls 1s normal)y of

little advantaqe for the studiad Fluids, Hcwever, for a

$eaglbil~ty demonstratlonl any of thesiu complux l>lomedlca) PIulds

should il lustrat@ the potential OF LIBS detection,

THE EXPERIMENT

A schematic of th~ apparatus that @vo)ved ir these

3



experiments i.s shown in Figure 1, The laser beam (200 mJ of 1,06

urn In a 15-ns pulse) entered from the Iet’t and was focused onto

the sample with a cylindrical lens (l!5-cm focal length), This

produced a rectangular focal spot 5mm high by 1 mm Wide, which

would barel y produce breakdown on the surface, Twenty shots were

used ~,, each spot before rotating the sample to a new posltiorl,

and the damage to an irradiated spot was SI Ight, This comBlnaclon

of a gentle breakdown and few shots min~mized the spectral

contribution of the Whdtman 541 filter paper, Serum and sweat

samples were appl ied to the paper at ful I strenqth~ but whole

blood had to be diluted with dis:l) led water to maKe lt flow.

The cullectecl light was dispersed with a l/2-meter

spectrometer and detQcted with a Tracer Northern time-qated

intensified diode array, Time-qarlng is normally uses to aoocl

effect in LIHS studies to eliminate warly-tlrne white
~

light , In

tkle data to be shown, the t~me window used was the interval 2-12

P~ after the lS-ns laser pulse, The %puctra ware collected,

man

ana

Col

pulated, and displayed by a Tracer Nurthern muitichanr,al

yzer~ then plotted out on an x- v recorder for hard copy,

AS appropriate ?or a qua]ltat~ve preliminary study! sample

ectlon and preparation were rather casual! and open to the

pos.siblllt~es of trace level cantamlnation, For llnstance, rweat

was collected during profllra perspiring by dr]pplnq onto filters~

and thus had the opportunity CO pick, up contr’ibuticns from 5k1n

ancl C)othlng, After drying the sample, the fllcer pi~per was

mounted bv Its perimeter on a cylind~r (which in turn was mounted

on thw rotac~nq stage of’ Figur@ 1), so that the interrogated area

was free-standing, This proctidure insured that there could be no
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question of backinq or mountlnq materials contributing to the

spectra, Comparisons of paper alone (wetted with distilled water

and dried) with sample-soaked paper led to the conclusion that

under run conditiunsl the paper contribution to th~ combined

spectrum was negligible,

BLOOD AND SERUPl

It is obvious that blocd and seruti: are very complex

molecular substances, and this 1s also true from an elemental

standpoint, t+ 11.st of the normal elements to be $ouncl In whole

12
blood 1s given in Table I , and irlclucles a fair fraction OF the

enti’e periodic table, Since we ran tlte5e samples in o~en a].r, C,

0) N, and Ar from air were inherent In al I spectra, We wli I use

spectroscopic suffixes I and 11 (as in C) I and O 11) to denote

thu neutral atom and sirigly-lonlzed stace~ respectlvelv,

At the most ‘basic level, what dliferences can we expect to

see between b)uod and serum? In Tabl~ 11 WE 1 ist the differences

in electro

should see

blood shou

yte !evel~ between serum and blood Cei ISI Clear~Y) IWe

moru Na and Ca in serum. while the cel Is lrl whole

d enhance che K spectra, This last cohparlson can b~

seen in Figures 2 ana :3, where WS* SI1OUJ the ma~or K I lnes with a

nearby O line for a standard, I?eiative to tha O line, the

ampl~tud~ of the K pair in FIqurse 2 (blood) is qreater than that

In Flqur= ‘3 (serum), In a lil<e nlarlner, the prlnc~pal Ilnen of Na

(s89,0 and 585,6) WePe strmnner in serum than in btuod, Since

there ware no lnvar!ant conr..,flsor, Ilnes in chose sr~ctra, thay

are not shown, The comparison for Ca, however, can br smnn in

3



Figures 4 and 5. The UV portion of the spectrum IS mucn richer in

lines than the IF?, so these spectra are more inrerestlng, The

serum spectrum in Figure 4 contains contributions irom a number

of elements; note the strong Ca lines and the weak (but de+tnlce)

Fe line at 302,1 nmi In Figure 5 (blond) these two are reversed,

the ca pair subsldlng and the Fe line becoming the strongest.

~? &.h
T*member of a~w4e4-e tamlly of Fe llnes. Other elements SG ‘I In

these spectra are Al, Mg, Cd, Cur Sn, and Si. Al ) of these arc

corroborated by spectral Ilnes detected in other realons OF the

spectrum, although the strength of the “AI “ I lnes in Figure 5

makes that ldentlficatlon suspect, A summary oi t~e elements

detected will be given in Table III, In the trac~ elementsl blood

and serum seem to be al lke~ save for Co and Nlt which were not

detected In ser”um,

Strong molecular ilnes (CH, CN, C=, and NH) were seen in al I
A

samples, These are felt to be formed in recombination as the

plasma cools, rather than belnq t-emnants of parent molecules, In

either event they carry no anal y:]cal information and only =erve

to confuse the anal ysis,

S’JEAT

Persplrlng 1s Known to be an cffectlve pathway for the body

to rid itself o+ metals: so much so that one treatment tor Hg

polsoninq IS to place the subusct Ln a sauna, Hohnadel et al, 13

measured values for Nl~ Cu, Zn, and Pb~ arid noted that others had

detected tr~ces nf Al, Cr, Co, Cut Fe) Nn, Mo, Sn, and Hg, O@

course, this l~st do not include the mador constltuentsl which



would include Ci Ht O? N, Na, Cat K, and Mq. Sweat wouid appear

to be as compiex in eiemental composition as blood or serum,

Aqaln? we WII I only give a few examples of the spectra

obtained, and save a complete Iistlng of the elsments detect=d

#or Table 111. Figure 6 :;hows a large Cu peak; Cu was seen In

abundance in al 1 samples. Also notable in this example is Fe,

which contributed manv 1 ines to the sweat spectrum,

The spectrum of Figure ,7 shows large Ca peaks~ with an

attendant pair of Al lines, Strong C and Mg lines dominate the

spectrum OF Figure 8? but there are some minor I lne.s or Interest.

This includes Si, Mnl Co, Pb, and E, Boron i~ an unnatural

element, (but was verified by other spectra), and probably

resulted from contamination by deterqent In the clothlng of the

sub~ect, The results listed in Table 111 show that sweat lS

similar in alemental composition to blood; Fe is on the same

order, Zn 15 larger, and sweat does noz contain detectable

amounts of S or Cl,

CONCLUSIONS

A summary of the F@sulrs fcr all flulds lS g]ven in Table

111, whare (*) slgnlf]es large peaKs, (~) means definitely

identified, (?) Lhows uncertainty in ldentlfication, and (-)

indicates that tk,e element was not detected, A comparison wLth

Table 1 shows that we wurKed our way wel I into the trace

constituents In thi: prellmlnarv survey study, One must ba aware

that ● lemst)ts vary by orders of magnitude in their sp-ctral

output? and thus one may see the same 1 ine ●mpl itudes from. 10 nq

7
I



of Fe and 10 ,uq of S or F, The result is an err~tlc pat:ern of

detection on a list ordered by concentrations. (Jnscrambl Inq these

complex spectra is complicated because LIES produces I lnes that

are intrinsically 0,2-0,3 nm wide, This fact, COUDled wl~h

unknown LIBS ampl itudes and the complexity of the spectral makes

unamblquous identification OP all lines quite difficult, Hence,

for instance, the uncertainty in asslgr~lng the large neaKs in

F1..lre S to Al 1.

We must emphasize the qualitative and prel imlnarv nature af

this feaslbllitv demonstration, and the Immature state of LIBS*

We do not present LIES as havlnq improved detectabl 1 lties over a

standards Iaboratorv technique like AES in lnducti velv -coupled

01 asmas, altho~gh LIES detection Iimlts are wlthln two orders of

magnitude in most cases, The strenqths of the technique are that

it is field-deployablej requires little or no samole preparation,

works wi ch very 5ma/ 1 sampies? and can gather information In real

time, In trying to quantl;v LII?S spectra for other studies, we

have obtained useful working curves For a variety of situations

and on several different crlterla~ but we have only bequn to

attack the ana)vtlcal problems of accuracy and repreclucibilltv at

a level better than several percent, In summary, LIES lS a

demonstrated dett’ctlon technique, but lS not yet a mature method

of accurate anaiyslst

/+s appiled to biomedical flulds, LIBS could be useful In a

number of ways. We suqgest the rapid anal ysls of smal I samples,

field d~tectlon of m~tals (as in heavy metal contamination or

po~sonlng), or perhaps as a qulcl(, sortlnq tachnique to select

Q



sampies for m:jre accurate anal ysis, This particular study has

been restricted to biomedical fluids, but LIES can also be used

for tissua analysis, In combination with microscopvt thts could

result in a new tvpe of direct laser mlcroprmbe,

9



ELEMENTS IN WHOLE BLOOD

ELEMENT

C, H,O, N
“chlorides”

Ca
P
Na
K
Mq
s
Zn
Si
13-
Rb
Cu
Fe
F
Pb
l%
Sn
Au
1
A)
Cd
co
Ni
l%q
Hg

wEIGHT/ml

(Also ir. air)
2,95 mq
970 ).L9
350 ).lq
94 Pq
46 Pq
40 )Jg
40 p.q
e,a pg

Flez B9
S, i pg
3,0 pg
990 ng
465 rig
:300 ng
290 nq
200 ng
130 ng
120 nq
100 na

90 nq
<LO ng
{10 ng
<10 ng
<lo rlq
<10 rig



ELECTROLYTE LEVELS

No

ccl

b’ .00D
CiLLS

.

. PLASMA
OR SERUM

.

25

110

0.002
I

(m M/liter)

140

45I

lLO

e.

)

r’

.



DETECTED ELEMENTS

BLOOD SERUM SWEAT

C, H,O, N

Al

B

Bi

Br

Ca

Cd

c1

co

Cu

F

Fe

K

Li

Mg

Mn

Na

Ni
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Sn

Zn
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Figure 1: A schematic of the LIBS apparatus, used tu analyze

bloodt se~umt and sweat, The sample was saaked into Whatman 541

ash less +iiter Faper, dried, and mounter. on a rotating stage, The

laser b~am (100-200 millijoules, 15 ns, 1.06 urn) was focused only

on one axis with ● cylindrical 1ens, resultlng in a rectangular

breal<dowrl spot Sn tha samp’e paral 1,~1 to ck,e Input slit of the

spectrometer, With a l/2-m spectro’i~eter, a 1200 q,-oove/mm

qratinq, and a 2,54-cm-wide diode; array, a 30-nm wide spectrum
.

was detected for each setting, The diode array was time-gated to

ulimirlate the early white llqh~ backqreund, and the data wqre

stored in a Tracer Northern multichannel analyzer,

Figure 2: The spmctrum of’ blood from 740 to 7S0 rim, show~nq cha

most prominent K lin~s, Not# that they ure larger than ‘~h~ n~arby

O l~n80

Figure 3S Th@ sp@ctrum of serum /rem 760 co EIOO nm, As expactcd

from tha Iowcr concentration of k in ~arum, chu K penli~ ara

smnllar than in blood~

Figure 4t The spectrum of serum from 270 to 330 nml Mq ctom~natns,

but notm th~ Iarqu Ca pemks In th(l vartical I y uxpatlda~ Iupaf-ior

plot, Slerum is r~ch in C@ and Na, go thu JS3,2/,3 peak is a

composita of Plg and Nrn Iineq, Not@ also thti prasencs of fh~ Cut ●

small Fa linc~ ●nd Al,

1



Figure 5: The spectrum of blood in the same region as Figure 4.

The reduction of Ca and increase in Fe are obvious, The great

lnCPeaSO in the lines assigned to Al is suspiclous~ casting doubt

on this line assignment,

Figure 6: The sweat spectrum from 490-530 nm, The point of this

example is to show the large Cu peak, Fe is has ~everal n:ce

lines; Ca and Mg were abundant, as wIII be ~hown fullowinq,

Fiqure 7: Sweat, 380-’120 nm reqlonl The large line pair from Ca

contains a believable pair from Al, (3)1 molecules are believed to

be formed in recomblnatlon,

Figure 9: A section OF the WV spectrum of sweat~ from 245 to

283 nm, Many alements urn seen lrl this rich spectral reqlon~

including a group From sit llrlas from Mn, Co, Pb, ancl large Mq

and C IInas, The detraction of II WU’, conpirmed in other traces)

und musr coma from soma contaminrnt~on of the samp)o, su~h as a

det~rgantl



LIBS SCHEMATIC
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LIBS OF BLOOD: 740- 780nm-~~
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