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This article describes the development of hollow cathode ion lasers and their use in constructing an
ultraviolet micro-Raman spectrograph with native fluorescence imaging capability. Excitation at
224.3 nm is provided by a helium—silver hollow cathode metal ion laser and at 248.6 nm by a
neon—copper hollow cathode metal ion laser. Refractive microscope objectives focus chopped
continuous wave laser light on a sample and collect 180° scattered photons. Imaging is
accomplished by broadband visible illumination and by deep ultraviolet laser induced excitation of
visible wavelength native fluorescence in untagged micro-organisms. This makes possible a
detection strategy employing rapid imaging with laser excitation to locate regions of native
fluorescence activity, followed by deep ultraviolet resonance Raman spectroscopy of the identified
fluorescent sites. We have employed this probarfaitu detection of micro-organisms on mineral

and soil substrates. We present here the deep ultraviolet resonance Raman spectra for the gram
negative iron reducing bacteriuBhewanella oneidensibtained while the micro-organism remains

in situ on the unpolished surface of the mineral calcite and in a Mars soil analog, JSC1. In the
current configuration the situ mineral surface limit of detection for fluorescence is one organism

in 2x 10* um? field of view and of order 20—30 micro-organisms for Raman spectra. For the Mars
soil sample analog fluorescent target selection gives an effective ultraviolet resonance Raman
spectral detection limit of & 10%cells/gm or~60 ppb. © 2001 American Institute of Physics.
[DOI: 10.1063/1.1369627

I. INTRODUCTION fungi® Excitation at 230 nm produces detectable native fluo-
rescence activity in algae and phytoplankfdbetection sen-
Detection and identification of sparsely distributed yetsitivity is dependent on both total photon flux and target
spatially localized concentrations of micro-organisms is amolecule cross section. However, although native fluores-
fundamental task common tm situ detection of life on  cence response might serve as an initial detection probe, it
Mars, planetary contamination containment, forensic investioften provides little specificity to aid in the identification of a
gation, and biological warfare countermeasur@$e goals target.
for each of these efforts are best accomplished with minimal ~ Raman spectroscopy, first demonstrated by Raman and
sample preparation including the avoidance of tagging molKrishnan in 1928, is a vibrational spectroscopy technique
ecules. Among optical techniques, fluorescence remains th@easuring the frequency shifts produced by the inelastic
gold standard for sensitivify.However, as usually imple- scattering of light from a target molectfieThe high infor-
mented it has either depended on the introduction of fluoresmation content of the spectra, the nondestructive nature of
cent tags or the serendipitous presence of a chromophothe technique, and the ease of sample preparation have made
molecule with strong absorption bands at visible wave-Raman spectroscopy extremely attractive for monitoring a
lengths. A variety of ring compounds essential to micro-wide variety of biochemical reactiods? determining the
organisms on this planet, including the aromatic amino acidsnolecular structure of virusés;*®and characterizing terres-
and the nucleic acids, exhibit strong native fluorescence rerial soil and mineral sampl€8.The technique has been pro-
sponse to excitation between 200 and 280°frBroadband  posed forin situ mineralogical and paleontological explora-
mercury lamp UV excitation has been employed to elicittion of the Martian regolittf-?2
native fluorescent activity in the bacterium E coknd Unfortunately, the Raman event is an inefficient phe-
nomenon(signal to noise (S/N 10 %)]. Under controlled
Author to whom correspondence should be addressed; electronic mail@Poratory conditions deep UV laser excitation within the
mcsl@dna.jpl.nasa.gov absorption band$200—280 nmn of the nucleic acids, aro-
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matic amino acids, and quinones can prodigsonanceRa- ¥ T |

man events increasing signal strength by as much 4£%.0 ' — :

As a result, several laboratories have used UV resonanc: ow= e o
Raman (UVRR) spectroscopy to investigate nucleic ™™ i
acids?***the secondary structure of DNA;*and the aro- FIG. 1. Schematic representation of a hollow cathode metal ion laser.

matic amino acid$®~%° Reliance on the resonance event to

achieve adequate S/N levels minimizes interference frompetal ion lasers operate at room temperature, require no pre-
neighboring potentially Raman-active molecular species Wi”heating or standby power, emit laser output within about 20
absorption bands distant from the exciting wavelength. Sucb@LS after application of voltage to the laser tube, and require
selective UVRR has proven quite useful in monitoring alter-gp, average input power of 20—100 W. An advantage of hol-
ations in oxidation state, electronic excited states, and peQgw cathode laser technology over positive column lasers is
tide conformatiori®™*' Early attempts to produce nonreso- that the discharge can be modulated with fast rise and fall
nant Raman spectra of bacteria with visible light excitationtjme |ess than qus. Therefore the output and input power
were unsuccessful due to fluorescence interferéicé. can be varied in an approximate linear fashion to suit experi-
More recently excitation in the 200-257 nm range has promental requirements. Fam situ nondestructive biosignature
duced UV resonance Raman spectra for a variety of bacterigetection the lasers operate at 1% duty cycle to minimize
and spores®>° heating effects. The pulse width of the laser output can be

‘The routine use of deep UV excitation of aromatic yaried from a few microseconds to a millisecond or more
amino acid and nucleic acid species to obtain native fluoressince the laser transitions are continuous wéowe).

cence and resonance Raman signatiresitu has been de- The lasers used in this study produce an oscillation
pendent on the development of a lightweight laser lighthandwidth of less than 3 GHz, giving a limiting Raman reso-
source emitting photons in the 200-250 nm range. Hollowytion due to laser emission bandwidth of approximately 0.1
cathode ion lasers, first demonstrated at the University ofy~1 The 224.3 nm lase(HeAg) uses a combination of
Budapest in 19747 have several unique properties that makenelium and other noble gases as buffer gases and very pure
them ideal forin situ UV laser induced fluorescence and sjlver on the inner diametefFig. 1) as the gain material
Raman spectroscopy. Among these features are an array @noton Systems, Model HeAg60-224SThe 248.6 nm la-
emission wavelengths including 224.3 nm from a heliumser(NeCy uses a combination of neon and other noble gases
charge exchange pumped sputtering silver hollow cathodgs pyffer gases and very pure copper as the gain material
laser and 248.6, 260.0, and 270.3 nm from a neon charg@noton Systems, Model NeCu60-248SThe discharge ge-
exchange pumped sputtering copper hollow cathode lasegmetry for both lasers is transverse with a brush-type anode
The linewidth of all of these emission lines is less than 0.15cated along most of the length of the 40-cm-long by 3-mm
cm . Excitation at 248.6 nm falls within the absorption jnside diam cathode.
bands for primarily the nucleic acids and to a lesser extent  ajthough the 224.3 and 248.6 nm emission lines are cw
the aromatic amino acids. Excitation at 224.3 nm falls withingyransitions, we operate these lasers in a chopped cw fashion
the absorption bands for the aromatic amino acids. The early, reduce average input power and minimize the size and
development of these lasers was hampered by the lack @bmplexity of the laser tube and power supply. Optimum
durable low scatter and low absorption laser mirror coating$eak output is over 400 mW for NeCu laser and 100 mW for
resistant to optical damage. Recognized as an efficient SOUr¢feAg lasers with an operating duty cycle of about (der-
of deep UV laser light, the development of this technologyy length 56 cm; active gain length 40 ¢niThe average
continued at a handful of academic and industrial ?ﬂé@": input power to the laser is less than 100 W. A power supply
In this report we describe such lasers and outline thgyrovides square wave voltage pulses to the cathode with a
optical path for the compact deep UV imaging and spectrospy|se width adjustable from about 30 to 5@8. The corre-
copy system we have constructed fioisitu sample analysis. sponding drive current is also square wave and ranges in
We next discuss the native fluorescence and resonance R@jrrent from about 5 to 30 A. Laser output commences
man response of the aromatic amino and nucleic acids t@jithin ~10 us of voltage application. Each laser pulse is
excitation in the deep ultraviolet at 224.3 and 248.6 nm. Wendependent, allowing the laser to operate in single pulse or
illustrate the system’s potential utility by presenting UVRR multiple pulse mode. The laser can be operated in extreme
spectra for the gram negative iron reducing bacter8in  enyironments without the need for warm-up, preheating, or
ewanella oneidensiéVR-1) obtainedin situ with the organ- temperature regulation. The emitted laser beam-8mm
ism residing(a) on the unpolished surface of the mineral giameter with a divergence0.3 mr. The longitudinal mode

calcite and(b) in a medium-grained Mars soil analog. spacing is~257 MHz. The transverse mode structure is mul-
timode with the “times diffraction limit” of the beam about

II. INSTRUMENTATION 18. Hence, these lasers can be focused to spot sizesof
pm using an objective lens with numerical aperture (NA)

A. Ultraviolet lasers =05,

The lasers presented here differ significantly from other  The system includes a 325.0 nm cw laser for instrument
metal vapor lasers in that the metal vapor pressure is genealignment. The 325.0 nm laser is a positive column metal
ated by sputtering of a metal cathode rather than by evaporapor laser using helium as a buffer gas and cadmium as the
ration from a hot metal source. Hollow cathode sputteringactive gain materia(Melles Griot, P/N 3056-p This laser
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length of 5 mm, working distance of 1 mm, NA of 0.50, and
entrance aperture of 5 mm coated for UV between 224 and
325 nm with overall transmission 6f92%. Calculated spot
diameters at the sample for this lens are 2.85, 3.16, and 4.14
um for the 224, 248, and 325 nm lasers, respectively. The
Rayleight RangeR,) defined as one half the depth of focus
o is the distance above and below the focal plane where the
—a-bim-wxyzsm beam diameter has expanded to 1.414 times the minimal spot
diameter and the power deposition per unit area is one half
FIG. 2. Optical layout of the deep UV native fluorescence imaging andthat at the focal plane, For 224, 248, and 325 ﬁalm's 28.5,
resonance Raman spectroscopy system. 31.5, and 41.4um, and power delivered to the sample is 100,
480, and 330uW, respectively. To minimize the total UV
requires a warm-up time of about 5 min. Output of this laserdose/unit time to sample the system employs a motorized
is ~5 mW. The transverse mode is a Gaussian with a diamXYZmicroscope stage moving the target material 0.4 mm/s.

LN2-Cooled CCD
Hip Mirrors
EF3b EF1b EF2b

eter of about 0.2 mm. Target trajectory can be preprogrammed or altered in real
time via computer interfacéNewport Corporation, ESP6000
) ) Unidrive6000.
B. Optical design The microscope axis is vertical with the laser beam re-

The UV Raman instrument is illustrated in Fig. 2. It is flected by one of the three DM mirrors, directed downward
composed of a spectrograph, a charge coupled dé@ic®)  into the entrance aperture of the objective lens, and focused
array detector, three separate ultraviolet lasers, a microscoge the sampléFig. 1). Above DM is a microscope relay lens
with multiple incoherent and coherent sources, a three axi§Edmund Scientific, H37830wvhich images the sample onto
motorized stage, a CCD video camera, a UV camera, and 768<494 element, 0.003 LUX, B/W CCD video camera
assorted lenses, spatial filters, edge filters, dichroic mirrordWatec, WAT-902B. Pixel size of the CCD camera is
and other optics. The instrument was designed to allow ex8.4um(horizonta) < 9.8 um(vertical). Spatial resolution of
citation at three wavelengths in the ultraviolet. Excitationthe CCD video camera is about Oudn per pixel using the
wavelength can be changed within a few seconds using flig0X refracting objective lens.
mirrors and a dichroic mirror slide. The camera produces images using broadband visible

The optical path for each excitation wavelength is simi-illumination (transmission or reflectancand visible wave-
lar. At the output of the HeAg and NeCu lasers are multi-length fluorescence from laser excitation at 325.0, 248.6, or
bounce edge filters employed to reduce plasma line emissia224.3 nm. The two visualization modes make it possible to
from the lasers. The minimal plasma line emission of thelocate fluorescent targets against irregular soil or mineral
HeCd laser makes possible the use of only a beam expandifmackgrounds. Using EFa and EFb mirrors, the laser beam
lens pair. After passing through the multi-bounce filter ~ spot can be centered in the middle of the video image.
beam expandgrthe laser beam is reflected in tandem by two  Scattered light from the excited region on the sample is
edge filters(Barr Associates EFa and EFb. The edge filters collected by the objective lens and collimated along the op-
are fabricated to efficiently reflect the laser wavelength andical path to the spectrometer. The EF filters reject Rayleigh
transmit at wavelengths immediately above the laser wavescattered light at the excitation wavelength. The remaining
length. Thus, EF1b is designed for 224.3 nm, EF2b for 248.6ight, devoid of plasma lines and scattered light is then fo-
nm, and EF3b for 325.0 nm. These filters also assist in elimieused by L3 onto the entrance slit of the spectrograph. The
nating unwanted laser plasma emission lines. EFa and b atdameter of the beam of scattered light from the sample is 8
identical edge filters and are used in pairs to bring the lasemm, using the 48 refractive objective. For compatibility
beams into alignment with the optical path from the micro-with the etenduéthe product of the solid angle and aperture
scope axis into the entrance slit and along the spectrometarea of the spectrometer, the focal length of L3 is 75 mm.
entrance axis. The EFb filters are mounted on flip-mirrorWith this lens a minimum spectrograph slit width of 125
assembliegNew Focus, P/N 9891to allow rapid change of is needed to minimize light loss.
excitation wavelength. After reflection by EFb, the laser = The spectrograph is a 0.55 nfi/6.4 fully automated
beam is directed into the microscope. Within the microscope&zerny—Turner imaging spectrograptinstruments SA,
is a dichroic mirror slide containing three dichroic mirrors, TR550MST2 with both 1800 and 3600 g/mm low stray light
DM1, DM2, and DM3, each designed to efficiently reflect, atholographic gratings (76 mm76 mm eachin a triple grat-
45°, the laser line and a wavelength interval about 20 nning turret. The turret, entrance slits, and shutter are all com-
above the laser line. DM1 is for the 224.3 nm lag€wI, puter controlled. The CCD array detector assembly uses a
P/N TLM1-240-45-1025 DM2 is for the 248.6 nm laser 2048<512 array of 13.5um square pixels back illuminated
(CVI, PIN KRF-1025-45%, and DM3 is for the 325.0 nm laser and UV anti-reflection coated detectgEnglish Electric
(CVI, P/IN N-1025-43. Laser excitation wavelength can eas- Valve) temperature regulated and mounted in a liquid nitro-
ily be selected by choosing the EFb and DM mirrors corre-gen cooled Dewar (Instruments SA, Spectrum One
sponding to the desired wavelength. CCD-2048<512-4). Thedispersion of the spectrograph is

The microscope objective is a AQultraviolet refractive  0.516 nm/mm with the 3600 g/mm grating and 1.032 nm/mm
lens (Optics for Research, LMU-40with effective focal with the 1800 g/mm grating. With the above CCD array
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TABLE |. Wave number coverage of the spectrograph. Wavelength coverage depends on both excitation
wavelength(224, 248, or 325 minand choice of grating1800 or 3600 grooves per millimejer

Grating 1800 g/mm 3600 g/mm
Wavelength Resolution/pixel Single capture Resolution/pixel Single Capture
224 nm 2.78 cm? 5686 cm! 1.39 cm?! 2844 cm?!
248 nm 2.27 cmt 4641 cm't 1.13 cm? 2320 cm't
325 nm 1.32 cm? 2702 cm? 0.66 cm'! 1351 cm't

detector the resolution is therefore 0.006 97 nm per pixeB25, 248, and 224 nm. Power delivered to sample at each

using the 3600 g/mm grating and 0.01393 nm per pixel usingvavelength was 0.24, 0.33, and 0.14 mW, respectively. The

the 1800 g/mm grating. The wavelength coverage in ondasers were defocused to minimize sample damage resulting

capture is 14.27 nm with the 3600 g/mm and 28.53 nm within a spot size approximately 8dm in diameter. Data acqui-

the 1800 g/mm gratindTable ). The dark charge of this sition was accomplished both in scanning mode moving

CCD detector is<1 e/pixel/h. Readout register full well ca- across the target area at 0.4—1.0 mm/s and as single area

pacity is typically 600 000 e and readout noise is typically 3collections focused on fluorescing or nonfluorescing regions.

e rms. No evidence of sample damage was detected in the collected

spectra for scanning or single spot collections of 1 min du-

ration or less. Spectra data collection times ranged from 10

to 60 s with 30—60 s sufficient to elicit reproducible spectra
Initial system tests have employed a gram negative bador bacterial samples. Data are displayed in counts per

teria Shewanella oneidensisa facultative anaerobe-1 minute.

X2 um in length common to many terrestrial and marine

environment$3 Cultures were grown in LB medium at room V. RESULTS

temperature in the microbiology laboratory of the Center for

Life Detection (Jet Propulsion Laboratory, California Insti- cite and calcite inoculated wit. oneidensisin Fig. 3a)

tute of Technology Harvested cells were centrifuged and Raman vibrational modes for calcite appear only at 1086

re-suspended in double distilled water to remove culture Me- “1¢tor 325 nm excitation(fluorescence obscures the re-
dium. Cell concentrations ranged from®1@® 10 cells/ml.

. . I maining modes Activity appears at 713, 1086, 1430, and
Aliquots of these suspensions or dilutions of them were the 1 o .
added to mineral and soil backgrounds including a 1. 735 cm " for 248 nm excitatior{Fig. 3(b)] and at 1086

. . ) (primary), 1428, and 1725 cit using 224 nm excitation
x1.2cm unpollshed calcitecalcium carbonagecrystal and [Fig. 3(c)]. At 325 nm excitation of calcite inoculated with
granular palagonite.

On Earth calcium carbonate structures imply hydrother—baCte”a[Flg' 3d)] all bacterial modes appear obscured in

. . - luorescence with only the strong primary calcite line clearly
mal and sedimentary geological activity and make excellen . : .
. ; . 4 . resolved. Vibrational modes f@. oneidensiappear at 1338,
environments for mixed colonies of micro-organisms. Cal-

cite exhibits a large Raman cross section with vibrational%427’ and 1612 cri for 248 nm excitatioriFig. Ae)] and at

o4t 10561058 G prinany 55, 145, and 1740 (o9 00T 156 134 19 exd 1600 26 v
cm™ L. Although the actual composition of Martian soil re- g ’ pprop

mains unknown, palagonite from the Muana Kea volcano i assignment of these modes depends on molecular ring
- paiag rbreathing, stretch, and bending phenomena and, for the very

Hawaii provides the best known spectral anditd o ; -
) o . low powers employed in this experiment, a significant reso-
Palagonite exhibits no native fluorescence or resonance Ra-

man emission for the power densities and excitation wave-
lengths employed in this study. O Y canae e ooy |
Calcite samples were cleaned with triple ethanol washes [a—rpm—m"
and palagonite samples were baked at 500 °C. Base lin
spectra were obtained at 325, 248, and 224 nm on all
samples prior to inoculation with micro-organisms. Wash and
autoclave protocols were repeated if these spectra indicate
contamination subsequent to cleaning. For the calcite experi
ment 20—80uL aliquots of the bacterial suspensions were [
added to a 0.5 cm area on a moderately smooth calcite face|g
For the palagonite experiment similar aliquots were added tc &
80-100 mg of dry powdered palagonite, allowed to dry, and
then mixed in a 0.5-cm-diam depression in a quartz micro-
scope slide. Samples were visually scanned in video mode¢
for evidence of localized laser induced native quorescencglG_ 3. Ultraviolet(excitation at 325, 248, and 224 hresonance Raman

response to 325, 248, and 224 nm QXCit&ti(_)h. Fra_‘me_ rat€@ectra of calcifé(a), (b), and(c)] and calcite inoculated with the bacte8a
were 1/30 s. UVRR spectra were obtained with excitation abneidensig(d), (e), and(f)]. Collection time is 60 s.

IIl. EXPERIMENTAL CONDITIONS

Figure 3 depicts the UV Raman spectra for cleaned cal-

Native Fluorescing Region

anuIp / suno)y

°
S
- 200

Non-Fluorescing Region 100
T T T T —-0

1000 1200 1400 1600
Raman Shift (cm-1)

-
)
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TABLE II. Assignments of expected strong resonance Raman bands corstretch of benzene and pyrrole rings within the indole struc-
tributing to UVRR spectra 08. oneidensi ture. Activity at 1344 cm? arises from tryptophan pyrrole
Molecule Raman band assignment ring 1vibration. Th_e response to 224 nm excitatio_n at _1600
cm -~ probably arises from a tryptophan phenyl ring vibra-
tion and tyrosine in-plane ring stretching. The mode appear-

Tryptophan  757—-762 symmetric stretch of benzene and pyrrole rings

224 ) _ ) I C
2771880 in-plane deformation ing at 1186 cm® most likely originates from tyrosine in-
%00?—10165ymmetric stretch of benzene and pyrrole rings plane CH bend. -

224 With excitation at 248.6 nm the activity at 1338 ¢
1340-1350 a pyrrole ring vibratici224] can be assigned to purine ring bonds. Thg activity at 1612
1549-1555symmetric stretching of the indole rirj@24] 1 likel . f . . | bendi d
1614-1622 phenyl ring vibratiof224248] cm most likely arises from purine in-plane bending an

Tyrosine 830—832 Fermi resonance doublet ring stretching as well as tryptophan phenyl ring vibration.
850—853 symmetric ring stretch The exact origin of the response at 1427 ¢memains un-
1178-1180in-plane CH bend224] clear, but most likely arises from purine ring bonds.
1613-1617 ) The variation in peak locations produced by excitation at
in-plane ring stretchin¢224248] .

Guanind 1322—1326N7C8 §; C8H ) purine ring bond$248] 224.3 agd 248.6 nm reﬂectts ;he selectl\lle nt‘:]\tureh?{ tge tvrveso—
1485-1489 (C8H b; C8N9, C8N9, N7C8)spurine ring nance Raman experiment. For example, the shift between
bonds ' _ 1600 and 1612 cmt for 224.3 and 248.6 nm excitation re-
1575-1580(N3C4, CACS, C5N7)sring mode stretching — gpactively, may reflect a shift in relative resonance Raman
1603(N1H b, C2N 3 in-plane bending and ring stretching . & .

1278 cross sections for the 1603 cmtyrosinev8b mode. The

Adenine 1336—1339C5N7, N7C8 § purine ring bond§24g] relative increase in tyrosine cross section with 224 nm exci-
1482—1485C4N9 s, C8H b purine ring bonds tation is also reflected in the appearance of the 1186'cm
1580-1581(C4C5, N3C4 sring mode stretching band. The activity at 1007 and 1554 chduring 224.3 nm

Cytosine 1527-1528 (N3C4, N1C2 $ring mode stretching224]

1650 (CZ-0, C2N3 8 in-plane bending and ring stretching excitation is absent as expected at 248.6 nm excitation if it

arises from tryptophan symmetric ring stretch.
¥Raman band frequencies are in chunits. Assignments, frequency ranges To estimate instrument sensitivity for eliciting spectral
_and nomenclature are from experimental and model compound studies Usignatures of micro-organisms on a mineral surface, 10—40
ing excitation between 223 and 229 and 244 and 248(see Refs. 25, . . . 7
29-33, and 68 ul aliquots of suspensions containing 200
bNucleic acid studies employed nucleotides, deoxynucleosides, or the dwrganisms/ml were inoculated onto a 0.5-cm-diam region of
cgtlfeﬁ(e;iiﬁglgﬁ-poly(ru) and poly(dG-dQ. Abbreviations signify Raman.  a moderately smooth but unpolished c_alcite face. Equal ali-
Ybending modes. The most prominent bands are in bold. Regions exhibitianOtS were placgd on a 'star'ndard mlcroscope. Cells were
significant activity in the present study are underlined and the excitatiorgOunted on the microscopic slides using both phase contrast
frequencies responsible for the UVRR response appear in bold betweednd fluorescence images obtained with a standard laboratory
square brackets]. epifluorescence microscogilikon, Eclipse E60Dand then
on our test instrument using confocal visible wavelength and

nance enhancement must occur in ring structures, carbonfiuorescence images. A>99% congruence for micro-
carbon double bonds, carbonyl bonds, and amides. The mostganism detection existed between the two broadband white
common molecular sources in microbial cells are the arolight transmission techniqueghase contrast and confogal
matic amino and nucleic acids. The assignments for the maand native fluorescence images. The detection of single or-
jor bands characterizing the aromatic amino and nucleic agganisms by native fluorescence imaging in the test instru-
ids have been well studied for UVRR with excitation ment was accomplished with an effective field of view of
wavelengths between 200 and 257 nm using both cw ane-2—5x 10° um? (50—80um laser beam diameter
pulsed laser$>29-3368jith minor exceptions the major bac- Raman spectra of the inoculated calcite region revealed
terial spectral contributions at the wavelengths and powerstrong vibrational modes at 1600 Cfrfor 224 nm excitation
employed derive from the aromatic amino acids tryptopharand at 1612 cm! with 248 nm excitation. Peak heights were
and tyrosine plus three of the bases, adenine, guanine, apibtted as a function of the average number of organisms
cytosine. Phenylalanine, thymine, and uracil exhibit crosexpected to fall within the excitation beam during scanning.
sections an order of magnitude smaller than these five moFigure 4 demonstrates the expected signal falloff as a func-
ecules. Table Il summarizes the most prominent bands chation of dilution with complete loss of sign&l min integra-
acteristic of these molecules for excitation between 223 antlon) occurring when cell densities fell below 5-10 cells per
229 and 244 and 248 nm. Modes detected in our experimerit00 um?.
are underlined and the exciting laser wavelength appears in Spectra obtained by random scanning of the calcite sur-
square brackets. Nelson and colleagues have reviewed tlfi@ce gave evidence of signal strength variability at all dilu-
assignment of vibrational bands in whole cell bactétia. tions. Examination of visual and fluorescent microscopic im-

In our experiments tryptophan exhibits a particularly ages revealed a nonrandom distribution of micro-organisms
large cross section for both native fluorescence and UV res@cross the relatively rugged calcite surface. Bacteria tend to
nance Raman activity with both 224.3 nm and 248.6 excitaaccumulate along crevasses in the mineral leaving a patchy
tion. Activity with 224.3 nm excitation at 1554 cmhcan be  target for the relatively small UV laser spot size. This phe-
assigned to symmetric stretching of tryptophan’s indole ringnomenon manifested in the inoculated samples mimics the
Modes at 1007 and 765 crhare assigned to a symmetric behavior of micro-organisms in natural environments with
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TABLE lIl. Dependence of UVRR signal strength f&: oneidensié the
presence of fluorescence activity after 248 nm excitation. Varying quantities
of the micro-organism were inoculated into 80—100 mg of a palagonite Mars
soil analog. UVRR signal at 1604 crhappears in all samples, but proves
dependent primarily in the presence or absence of localized fluorescence
instead of on total number of organisms introduced. Peak intensities were
converted to signal to noise ratios, i.e., S/lO implies the peak height is

an order of magnitude greater than the noise level for this spectral region.
] __JL‘.JL Effective detection level is calculated as 6->300* cells/gm or 6-30 ppb

[Calcite [3250m] @)] Calcite [248m] B)  3o[Calcite [2240m) ©)
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FIG. 4. UV resonance Raman peak intensities as a function of the average

number of bacteria expected in a p®n beam. Aliquots of cells were in- ; ;

oculated onto a natural calcite surface. Excitation was at 224®nand at S(a).] andf thelaccompanyrllng .UVRR .Spe(f:I[F':lg. 5(b)] for a

248 nm(+). region of pa agonl.te ex |b|t|ng native uorescence and a
nonfluorescing region. The region producing spatially local-
_— . . . . .__ized native fluorescence yields an UVRR spectral signal
cells clustering in localized niches meeting specific numentstrength some two orders of magnitude greater than the non-
water, mineral, and energy requ_lreme_nts. As the mean dI%I‘uorescing portion of the sample. The data imply that rapid
tance between clusters of organisms increases with incre hage scans of a sample to identify regions of native fluo-

|\r/1_g dl:utl;)ns, tr:_e efﬂ;nﬂency of ratndotr_n_tscanndlngtdlmln_lzrets.rescence can provide localized target areas appropriate for
Isual observation of fiuorescent aclivity made it possiole Ospectral data collection. Calculations derived from the num-
collect spectra from both fluorescing and nonfluorescing re;

) A ; dqin size f 5 . ber of cells added to the 80—-100 mg of soil produce an
gions. Fiuorescing areas ranged in size from QubSin effective detection in this study of>*610* cells/gm or about
diameter giving an equivalent two-diminsional target cros

. ) . illi i | weight f
section of ~20-200 cells. UVRR spectra obtained u5|ngsfn?cfc?_gfggﬁirsgllig(_plgtgrsgsummg a total weight for one

248.6 and 224.3 nm excitation of nonfluorescing regions pro-
d_uced_only t_he classic_al _calcite modes, v_vith no evidence of § piscussiON

biological signature[similar to spectra in Figs. (B) and ) ) o
3(0)]. In contrast, the regions exhibiting clusters of native  Hollow cathode sputtering metal ion lasers emitting at
fluorescence yielded spectra compatible with the presence ¢24-3 and 248.6 nm have made it possible to eliisitu
micro-organismgsimilar to spectra in Figs.(8) and 3f)].

A similar approach was employed with the Mars soil o B1600[224nn]
analog. Palagonite was inoculated with varying numbers of + B1612[248nn]
bacterial cells. Final soil concentrations of bacteria were 100

calculated to range between xd0* and 3x10°
organisms/gm. Samples were then scanned with 248.6 nm
excitation to identify fluorescing and nonfluorescing areas.
Fluorescence emission in visible wavelengths again allowed
identification of fluorescing regions using real time video.
Following classification of a region by its fluorescent activity
Raman spectra were collected from both fluorescing and
nonfluorescing regions. The 1612 chiine elicited by 248

nm excitation was the strongest and most robust signal. Table
Il compares the magnitude of the 1612 chiine with esti- 200-
mated concentration of organisms per milligram of soil.

800+

600+

Counts/Minute

4004

+ 4

) . o . . R2=0.799
While all areas gave evidence of organism inoculation, sig- 8
; : _aE ti i} 0 v ¥ v T
gor than the signal from nonfluoreseing sofl, Natve fluoree. 0 o W0 %0 40 0
9 9 9 ) Cells/50 pm Diameter Beam

cence regions were observed to cover 10%—-20% of the laser
spot size. Calculations for a two-dimensional tiling of organ-FiG. 5. Native UV fluorescence and resonance Raman spectra for palago-

isms predict that the majority of spectral information derivesnite inoculated wittShewanella oneidensia region evidencing a spatially
from ~20—40 cells located in the center of the laser eXcita_locallzed region of native fluorescence activity exhibits a significant increase
. in resonance Raman spectral S/N at 1612—1613'anhen compared to a

tion. relatively nonfluorescing region. Excitation is at 248 nm and collection time

Figure 5 depicts the native fluorescence imd§&y. was60s.
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