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2 Veröffentlichungen 51

2.1 UV Raman spectroscopy - A technique for biological and mineralogical in

situ planetary studies. [MH1] . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.2 Micro-Raman spectroscopic identification of bacterial cells of the genus

Staphylococcus and dependence on their cultivation conditions. [MH2] . . . 63

2.3 Chemotaxonomic identification of single bacteria by micro-Raman spec-

troscopy: Application to clean-room-relevant biological contaminations.

[MH3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.4 Raman spectroscopic identification of single yeast cells. [MH4] . . . . . . . 87

i



ii Inhaltsverzeichnis

2.5 Identification of single eukaryotic cells with micro-Raman spectroscopy.

[MH5] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.6 On-line monitoring and identification of bioaerosols. [MH6] . . . . . . . . . 101

2.7 Analysis of single blood cells for liquor diagnostics via a combination of

fluorescence staining and micro-Raman spectroscopy. [MH7] . . . . . . . . 111

2.8 UV-resonance Raman spectroscopic study of human plasma of healthy do-

nors and patients with thrombotic microangiopathy. [MH8] . . . . . . . . . 123

2.9 UV-resonance Raman spectroscopic investigation of human plasma for me-

dical diagnosis. [MH9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

2.10 Minimal invasive gender determination of birds by means of UV-resonance

Raman spectroscopy. [MH10] . . . . . . . . . . . . . . . . . . . . . . . . . . 143

Autorschaft der Publikationen 153

Publikationen 159

Danksagung 165

Lebenslauf 167
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Kapitel 1

Zusammenfassung

1.1 Motivation und Stand der Forschung

Das Auftreten von Krankheiten verhindern, diese schnell zu diagnostizieren und gezielt

und nebenwirkungsfrei zu behandeln, ist das Ziel in der biomedizinischen Diagnostik und

Therapie. In den letzten Jahren haben sich verschiedene Verfahren der optischen Spek-

troskopie zur Erforschung der Struktur und Dynamik der an biologischen Systemen und

Prozessen beteiligten Moleküle bewährt und bieten darüberhinaus neue Ansätze in der

Medizin, Biotechnologie, Pharmazie als auch in den Lebenswissenschaften und in der Um-

welttechnik. Diese optischen Methoden beruhen auf der Wechselwirkung von Licht mit

toter und selbst lebender Materie, da im Gegensatz zu anderen spektroskopischen Analyse-

methoden die Verfahren der optischen Spektroskopie nicht-invasiv und somit berührungs-

los sein können. Es können sowohl extrem kleine Proben, als auch sehr kleine Stoffmengen

untersucht werden. [1]

Schwingungs-spektroskopische Methoden, wie die Infrarot (IR)-Absorptions- und Raman-

Spektroskopie sind in den letzten Jahren als vielversprechende und zuverlässige Analyse-

methode bei der Beantwortung von biologischen und medizinischen Fragestellungen eta-

bliert worden [2–11]. Hierbei werden umfassende chemische Informationen zur Charakteri-

sierung oder auch Identifizierung von (zell-)biologischen Systemen auf molekularer Ebene

gewonnen [12–15]. Speziell die Schwingungs-Raman-Spektroskopie zeichnet sich durch ei-

ne hohe Spezifität aus und bietet die Möglichkeit, zerstörungsfrei biologisches Material

zu untersuchen. Da die Raman-Spektroskopie eine markierungsfreie Methode ist und sich

dahingehend auch durch eine minimale Probenpräparation auszeichnet, birgt diese ein

1



2 KAPITEL 1. ZUSAMMENFASSUNG

großes Potential in der klinischen Diagnose, Lebensmittelüberwachung bzw. pharmazeu-

tischen Produktionskontrolle [9, 16–25]. Der Hauptvorteil für biologische Anwendungen

der Schwingungs-Raman-Spektroskopie verglichen zur IR-Spektroskopie liegt darin, dass

bei der Raman-Spektroskopie auch wässrige Proben vermessen werden können, weil das

Raman-Spektrum von Wasser in der Regel eine geringe Raman-Intensität aufweist. Im

Gegensatz dazu werden die IR-Spektren durch starke Wasserabsorptionsbanden überla-

gert [8]. Die Schwingungs-Raman-Spektroskopie ist somit eine besonders geeignete Me-

thode zur In-vitro-Analyse von zellulären Zielstrukturen und Biomolekülen in ihrer phy-

siologischen Umgebung [22,26–31].

Die Kombination des Raman-Spektrometers mit einem optischen Mikroskop und der

Verwendung eines Objektivs mit einer hohen numerischen Apertur sowie Vergrößerung

ermöglicht es, eine hohe räumliche Auflösung im Mikrometerbereich zu erhalten. Diese

sogenannte Mikro-Raman-Spektroskopie erlaubt die Untersuchung von selbst kleinsten

Objekten, wie einzelne Bakterienzellen oder Strukturen innerhalb einer Zelle mit einer

Größe von etwa 1 µm. Hierbei wird eine beugungsbegrenzte laterale Auflösung im Be-

reich der Laserwellenlänge erreicht, und das Streuvolumen der Probe bzw. des umge-

benden Materials kann durch zusätzliche konfokale Blenden eingeschränkt werden. Die

Mikro-Raman-Spektroskopie hat weiterhin das Potential mittels zellulärer Imaging- und

Mapping-Experimente zu ortsaufgelösten In-vivo-Studien an zellbiologischen Organismen,

wie beispielsweise Mikroorganismen, um dadurch Einblicke in lebende Zellen auf Einzel-

zellniveau liefern zu können [32–35].

Diese Methoden erzeugen hoch-spezifische multidimensionale Daten, die es notwendig ma-

chen, die komplexe Datenmenge mittels multivariater statistischer Datenanalysen [36–39]

auszuwerten. Zur Klassifizierung können unüberwachte chemometrische Verfahren wie die

hierarchische Clusteranalyse (HCA) [37] und Hauptkomponentenanalyse (engl.: Principal

Component Analysis : PCA) [40,41] sowie überwachte Klassifizierungsmethoden wie die K-

Nearest Neighbours (KNN), Soft Independent Modelling of Class Analogies (SIMCA), Ar-

tifizielle Neuronale Netzwerke (ANN) [42] und Support-Vektor-Maschinen (SVM) [43,44]

zum Einsatz kommen, um signifikante und charakteristische Informationen aus dem multi-

dimensionalen Spektren-Datensatz zu extrahieren. Hierbei besteht die Aufgabe, geringste

Unterschiede in den Raman-Spektren zu visualisieren, damit die aus einer Überlagerung

von verschiedenen biomolekularen Raman-Signalen (wie von DNA/RNA, Proteinen, Li-

piden, Kohlenhydraten) bestehenden Spektren interpretiert werden können. Der Vorteil
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überwachter gegenüber unüberwachter Klassifizierungsmethoden liegt darin, dass mathe-

matische Modelle erzeugt werden können, die im Anschluss eine Identifizierung von unbe-

kannten Proben, wie mikrobiellen Kontaminationen, ermöglichen. Die Raman-Spektren

beinhalten zahlreiche Banden, zu denen über die Lage, Intensität und Breite der Raman-

Peaks molekulare Schwingungsnormalmoden von funktionellen Gruppen, zellulären Kom-

ponenten oder Substrukturen zugeordnet werden können. Diese Raman-Banden repräsen-

tieren daher sensitive und spezifische Informationen, um wichtige Aussagen über die drei-

dimensionale Molekülstruktur, intermolekulare Wechselwirkung und Dynamik und somit

chemische Zusammensetzung der untersuchten komplexen Systeme treffen zu können.

Demzufolge ist die Mikro-Raman-Spektroskopie in Kombination mit chemometrischen

Klassifizierungsmethoden ein sehr geeigneter Ansatz für eine schnelle und zuverlässige,

nicht-zerstörende Charakterisierung, Differenzierung und Online-Identifizierung beispiels-

weise von einzelnen Bakterienzellen [45–51].

Im Gegensatz zu prokaryotischen Zellen wie Bakterien sind eukaryotische Zellen wie Hefen

komplexe biologische Strukturen mit einer großen Anzahl von in einer Zellmembran ein-

geschlossenen Biomolekülen [52,53]. Die Fokussierung auf bestimmte Komponenten bzw.

Regionen innerhalb der Zelle und der dahin gehenden Identifizierung ist für das Verständ-

nis von zellulären Prozessen ein wichtiger Faktor. In dieser Beziehung ist die konfokale

Mikro-Raman-Spektroskopie ein vielversprechendes Werkzeug bei der Identifizierung von

Hefe-, Blut-, Gewebe- oder Krebszellen bzw. bei der Detektion von darin enthaltenen

subzellulären Molekülen wie DNA/RNA, Lipid- und Proteinstrukturen über deren Mo-

lekülschwingungsmoden [13,33,54–59]. Des Weiteren können Körperflüssigkeiten wie bei-

spielsweise Urin-, Blutplasma- oder Serumproben analysiert werden, um deren qualitative

und quantitative Zusammensetzung aus diversen Biomoleküle zu bestimmen [26,29,30,60].

Der Raman-Prozess ist häufig von einer geringen Streueffizienz charakterisiert. Weiter-

hin sind die Raman-Spektren bei Anregung im sichtbaren oder nahen infraroten Spek-

tralbereich oft vom Fluoreszenzeffekt überlagert [32, 54, 61]. Zu dessen Überwindung be-

dient man sich häufig verschiedener Verstärkungsmethoden, wie der Resonanz-Raman-

Spektroskopie [62] oder Oberflächen-verstärkten Raman-Streuung (engl.: Surface En-

hanced Raman Scattering : SERS). Bei der Resonanz-Raman-Spektroskopie liegt die An-

regungswellenlänge im Bereich der elektronischen Absorptionsbanden gewisser Moleküle.

Dies führt zu einer Intensitätserhöhung des Streuprozesses bis zu einem Faktor von 106

für die an diesen elektronischen Übergang gekoppelte Schwingungen [2,63,64]. Durch eine

geeignete Wahl der Laseranregungswellenlänge ist es möglich, Moleküle bzw. Molekültei-

le mittels Schwingungen, die an die resonant elektronischen Übergänge gekoppelt sind,
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selektiv anzuregen [13, 65]. Wenn für die Raman-Anregung eine Wellenlänge knapp un-

terhalb von 260 nm verwendet wird, werden fast ausschließlich die Schwingungsmoden

der Purin- und Pyrimidinbasen der Nukleinsäuren [66–68] sowie die Moden der aroma-

tischen Aminosäuren [65, 68–70] verstärkt, während bei einer Anregungswellenlänge um

200 nm lediglich Rückgratschwingungen der Proteine selektiv erhöht werden [71]. Folg-

lich können mit der sogenannten UV-Resonanz-Raman-(UVRR)-Spektroskopie durch die

selektive und sensitive Anregung im Wellenlängenbereich von 200 nm bis 260 nm, Schwin-

gungen von bestimmten Biomolekülen wie DNA/RNA-Nukleinsäurebasen bzw. aromati-

sche Aminosäuren in Proteinen in einer komplexen (zell-)biologischen Umgebung, wie

beispielsweise lebenden Bakterienzellen, selbst in geringsten Konzentrationen spezifisch

detektiert werden [72–77]. Ein weiterer Vorteil der UVRR-Spektroskopie liegt darin, da

die meisten Biomoleküle und taxonomischen Marker im Spektralbereich unter 260 nm

absorbieren [74, 78] und Fluoreszenzemissionsbanden im sichtbaren Spektralbereich lie-

gen, dass mit einer Anregung im tief-ultravioletten Spektralbereich (<260 nm) fluores-

zenzfreie Raman-Spektren detektiert werden können [72, 79]. Umfassende UV-Resonanz-

Raman-Studien wurden hierbei an verschiedenen biologischen Systemen durchgeführt, um

beispielsweise aromatische Aminosäuren in Proteinen, Peptidsekundärstrukturen, DNA-

Strukturen sowie deren Bindungen und intermolekulare Wechselwirkungen zu analysie-

ren [67,68,80–84]. Demzufolge können charakteristische Resonanz-Raman-Banden dieser

UV-absorbierenden Chromophore oder Chromophorsegmente nicht nur zu deren Identifi-

zierung, sondern auch innerhalb von lebenden Zellen als Markersubstanzen zur Differen-

zierung von Zellen bzw. Zellstrukturen erfolgreich eingesetzt werden.

Im Rahmen dieser Arbeit wird die hohe Leistungsfähigkeit der Raman-Spektroskopie, die

eine Analyse von biologischen Molekülen, selbst innerhalb komplexer Systeme ermöglicht,

ausgenutzt. Diese Methode erlaubt nach spezifischen Biomarkern in einer umgebenden

Matrix zu suchen bzw. darin zu identifizieren. Auf dieser Grundlage können eventu-

ell Rückschlüsse über den Gesundheitszustand von Patienten gewonnen werden bzw.

Krankheiten detektiert werden. Um die vielfältigen Raman-spektroskopischen Anwen-

dungsmöglichkeiten zu illustrieren, befasst sich ein Kapitel dieser Arbeit mit der phar-

mazeutischen Produktionskontrolle von Kontaminationen in Reinraumumgebung. Mikro-

bielle Verunreinigungen können mit den gängigen mikrobiologischen Identifizierungsme-

thoden meist erst nach mehreren Tagen eindeutig zugeordnet werden. Innerhalb des

Biophotonik-Projektes OMIB (Online-Monitoring und Identifizierung von Bioaerosolen)
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liegt, zur Überwindung dieser Beschränkung einer zeitnahen Klassifizierung, der Schwer-

punkt in der akkuraten und schnellen Identifizierung von Mikroorganismen in der Rein-

raumproduktionsüberwachung. Das Ziel hierbei ist es in Kooperation mit dem Institut

für Informatik der Universität Freiburg, dem Fraunhofer Institut für Produktionstechnik

und Automatisierung, der rap.ID particle systems GmbH, der Kayser-Threde GmbH, der

Schering AG sowie dem Institut für Photonische Technologien (IPHT) Jena, neue Fort-

schritte in der Diagnose durch Raman-spektroskopische Methoden zu ermöglichen. Even-

tuell auftretende Gesundheitsprobleme, als auch Produktionsausfallzeiten in der phar-

mazeutischen Produktion im Reinraum könnten durch eine zeitigere, zuverlässige De-

tektion minimiert werden [43]. Biologische Moleküle wie Nukleinsäuren, Proteine, Lipide

und Kohlenhydrate erzeugen spezifische fingerprint-Raman-Signale. Anhand dieses hohen

spektralen Informationsgehalts bezüglich der charakteristischen biochemischen Zusam-

mensetzung werden Aussagen über den Aufbau, die Wechselwirkung und Funktion von

Biomolekülen innerhalb der untersuchten Zellen erlangt. Beispielsweise ist es möglich, die

Wirkung von Antibiotika auf das Bakterienwachstum von ausgewählten Bakterienarten

S. epidermidis, B. pumilus und E. coli zu verfolgen [85]. Die Mikro-Raman-Spektroskopie

kann in Kombination mit multivariaten Klassifikationsmethoden zur Unterscheidung von

Bakterienzellen auf Artebene und selbst auf Stammebene dienen. Die Differenzierung kann

auf einen großen Datensatz angewendet werden, denen verschiedenste Bakterienarten an-

gehören, die im Reinraum der pharmazeutischen Produktion auftreten können. Ein Teil

dieser Arbeit beinhaltet somit neben der Mikroorganismendetektion, durch die Verwen-

dung der Raman-Anregungswellenlänge im sichtbaren Spektralbereich, eine phänotypische

Differenzierung anhand der gesamten biochemischen Zusammensetzung von Bakterien-

und Hefezellen. Hierbei werden in einem ersten Schritt zur generellen Funktionalitätser-

probung der Methode mikrobielle Kolonieschichten studiert, gefolgt von der Einzelzell-

analyse von Bakterien und Hefen. [MH3, MH6]

Die Differenzierung von Mikroorganismen mittels Mikro-Raman-Spektroskopie kann durch

große intra-Stamm-spezifische Variationen der untersuchten Zelle erschwert werden, die

aus einem schwankenden Kulturalter und Umgebungstemperatur sowie dem Nährstoff-

angebot resultieren. Der Ursprung bzw. die Wachstumsbedingungen (u. a. Temperatur,

Nährstoffangebot, Alter, pH-Wert und Sauerstoffgehalt der Umgebung) einer fremden, zu

analysierenden Bakterienzelle sind unbekannt. Infolgedessen führen unterschiedliche Kul-

tivierungsbedingungen zu einer Variabilität in der biochemischen Zusammensetzung der

Zelle, was im Raman-Spektrum wiedergegeben wird und sich somit auf die Identifizierung
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der Zelle auswirken kann. Um reale Bedingungen simulieren zu können, die für die Iden-

tifizierung von unbekannten Mikroorganismen von entscheidender Bedeutung sind, wur-

de anhand der Modellorganismus-Bakterien der Gattung Staphylococcus der Effekt von

verschiedenen Wachstumsbedingungen auf die Klassifizierungsfähigkeit erforscht. Bei der

Analyse von Bakterienschichten und einzelnen Bakterienzellen der Gattung Staphylococ-

cus anhand ihres Raman-Spektrums kann das große Potential der Raman-Spektroskopie in

Kombination mit verschiedenen statistischen Klassifizierungsverfahren gezeigt werden. Es

offenbaren sich die Grenzen der Anwendbarkeit der unüberwachten Mustererkennungsme-

thode, der hierarchischen Clusteranalyse auf einen heterogenen komplexen Datensatz, der

vielfältige Kultivierungsparameter beinhaltet. Vielmehr kann eine Klassifizierung dieses

heterogenen Bakteriendatensatzes erstmalig mit Hilfe einer überwachten Mustererken-

nungsmethode, der Support-Vektor-Maschine, gezeigt werden. [MH2]

Die Identifizierung von Mikroorganismen in Reinraumumgebung umfasst neben der Unter-

scheidung von einzelnen Bakterienzellen (Prokaryoten) zusätzlich eine Differenzierung von

einzelnen Hefezellen (Eukaryoten). Prokaryoten besitzen im Unterschied zu Eukaryoten

keinen von einer Membran umschlossenen Zellkern, in dem die Erbinformation lokalisiert

ist. Die genomische DNA und eine eventuell vorhandene extrachromosomale Plasmid DNA

befindet sich in ringförmiger Form innerhalb der Zelle. Demgegenüber besitzen Eukaryo-

ten neben einen Zellkern weitere, vom Zytoplasma durch eine Zellmembran abgegrenzte

Reaktionsunterräume, sogenannte Organellen, wie beispielsweise endoplasmatisches Reti-

kulum, Vesikel und Mitochondrien [52,53]. Aufgrund dieser ausgeprägten Kompartimen-

tierung und somit Heterogenität innerhalb der Zelle sowie der Zellgröße von etwa 10 µm im

Durchmesser im Vergleich zur räumlichen Auflösung des Mikro-Raman-Spektrometers von

etwa 1 µm kann man Hefezellen nicht wie Bakterien durch ein einzelnes Raman-Spektrum

charakterisieren. Durch die spektroskopische Zellkartierung in lateraler und axialer Rich-

tung mit Hilfe von Raman-Scans über die gesamte Zelle kann die räumliche Verteilung

von verschiedenen Makromolekülen wie DNA/RNA, Proteinen bzw. Lipiden innerhalb

einer einzelnen Hefezelle visualisiert werden [MH4]. Mit Hilfe chemometrischer Datenana-

lyse, der hierarchischen Clusteranalyse, ist es trotz subzellulärer Heterogenität dennoch

möglich, eine Differenzierung anhand von Mittelwert-Raman-Spektren auf Stamm- und

Artebene vorzunehmen. In weiterführenden Experimenten kann auf einen größeren Da-

tensatz von Mittelwert-Raman-Spektren eine Hefezell-Identifizierung auf Stamm- und Ar-

tebene unter Verwendung einer Support-Vektor-Maschine, vorgenommen werden. [MH4,

MH5]
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Zusätzlich zur phänotypischen Differenzierung von Mikroorganismen erfolgt eine genotypi-

sche Unterscheidung basierend auf der UV-Resonanz-Raman-Spektroskopie. Diese Metho-

de liefert eine Reihe von signifikanten Signalen, die vorrangig von Proteinuntereinheiten,

Nukleinsäuren und einigen anderen, im UV-Bereich stark absorbierenden Biomolekülen

dominiert werden. Trotz der Förderlichkeit der UV-Resonanz-Raman-Spektroskopie in Be-

zug auf eingeschränkte Hintergrundfluoreszenz und der Verstärkung von Raman-Banden

chromophorer Makromolekülsegmente gegenüber normaler Raman-Spektroskopie, kann

der photochemische Verbrennungseffekt aufgrund der hohen Energiedichte von UV-Licht

Probleme bezüglich Probenpräparation hervorrufen. Demzufolge können bei der Untersu-

chung von biologischen Proben bisher keine einzelnen Bakterien- bzw. Hefezellen, wie bei

der Mikro-Raman-Spektroskopie mit einer Anregung im Sichtbaren, sondern nur Kolonie-

schichten von etwa 104 bis 105 Zellen [86] analysiert werden. Mittels der Support-Vektor-

Maschine wird eine exzellente Unterscheidung der bei einer Anregungswellenlänge von

244 nm detektierten UVRR-Spektren von Bakterien auf Art- und Stammebene erreicht.

[MH1]

Ein weiteres Kapitel beschäftigt sich mit einem neuen methodologischen Ansatz zur Ana-

lyse der Gehirn-Rückenmarks-Flüssigkeit (Liquor Cerebrospinalis, engl.: Cerebrospinal

Fluid : CSF), die bei der Diagnose von akuten und chronischen Krankheiten des Zentral-

Nervensystems herangezogen werden kann. Im Rahmen dieser Arbeit liegt der Schwer-

punkt speziell auf der Identifizierung von zellulären Bestandteilen, wie Bakterien- und

Körperzellen (z. B. Granulozyten, Lymphozyten oder Monozyten), die bei der bakteriellen

Meningitis in der Gehirn-Rückenmarks-Flüssigkeit vorhanden sind. Die spezifische Iden-

tifizierung, die Quantifizierung und/oder Anreicherung lebender Einzelzellen sind Grund-

probleme labormedizinischer Methodik, bei der im Allgemeinen automatisierte Hämatolo-

giesysteme oder aber Durchflusszytometer zum Einsatz kommen. Bei der Liquordiagnostik

ist nicht nur die Identifizierung des Erregers wesentlich, sondern auch die Beurteilung der

Leukozytenzahl und -arten, der im allgemein zellarmen CSF ist bedeutend. Gegenwärtig

eingesetzte mikrobiologische Methoden zum Erregernachweis sind auf eine zeitaufwändi-

ge Kultivierung angewiesen. Weiterhin stellt die Sensitivität des Erregernachweises durch

mikroskopische Beurteilung aufgrund der Spezies- bzw. Konzentrationsabhängigkeit ein

grundlegendes Problem in der labormedizinischen Liquordiagnostik dar. Dementsprechend

wird im Rahmen des DFG-Projektes PO 563/7-1 ’Raman-spektroskopische Differenzie-

rung und Identifizierung körpereigener Zellen und Mikroorganismen im Liquor für die me-

dizinische Diagnostik’ in Kooperation mit Prof. Dr. Thomas Deufel und Dr. Dr. Michael
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Kiehntopf aus dem Institut für Klinische Chemie und Laboratoriumsdiagnostik am Uni-

versitätsklinikum Jena eine neuartige und zuverlässige Methodenentwicklung eruiert. Die-

ses Verfahren konzentriert sich auf eine rasche und zuverlässige Raman-spektroskopische

Analyse und eine möglichst zeitnah zur Probennahme erfolgende Identifizierung von iso-

lierten einzelnen Bakterien- und Blutzellen aus der Gehirn-Rückenmarks-Flüssigkeit. Da-

mit schwingungs-spektroskopische Methoden zur Differenzierung von Blutzellen, die im

CSF während der bakteriellen Meningitis enthalten sind, eingesetzt werden können, liegt

zunächst das Interesse eines Teilbereichs dieser Arbeit darin, die räumliche Verteilung und

chemische Zusammensetzung verschiedener subzellulärer Bestandteile in Blutzellen zu lo-

kalisieren und aufzuklären. Zur Erhöhung des Informationsgehaltes bezüglich der Analyse

von Zellen bzw. sub-mikroskopischen Strukturen wird erstmals die Raman-Spektroskopie

mit Hilfe der Fluoreszenzmarkierung gekoppelt. In diesem Sinne wird ein neuer Ansatz zur

Blutzellanalyse von Einzelzellen der Gehirn-Rückenmarks-Flüssigkeit aufgegriffen, der die

simultane Anwendung der einzigartigen Kapazitäten der Fluoreszenzmarkierung in Kom-

bination mit der Raman-Spektroskopie an derselben Probe vereint. Die Zielstellung liegt

in der schnellen Bestimmung von bestimmten Zellparametern wie z. B. dem Aktivierungs-

grad von einzelnen Blutzellen. Diese neuartige Technologie ermöglicht eine zeitnahe und

zuverlässige Zellidentifizierung zwischen Untertypen weißer Blutzellen mittels Fluores-

zenzfärbung, während die Raman-Spektroskopie zusätzlich noch molekülspezifische fin-

gerprint-Informationen mit einer räumlichen Auflösung bis zum Beugungslimit enthält.

[MH7]

Zunächst werden aus Vollblut isolierte Blutzellen als Modellsystem analysiert, um me-

thodologische Parameter bezüglich der Auswahl an fluoreszenzmarkierten Antikörpern zu

optimieren. Die Ergebnisse demonstrieren, dass der ausgewählte Fluoreszenzfarbstoff das

Raman-Spektrum einer gefärbten Zelle verglichen zu einer ungefärbten Blutzelle nicht

störend beeinflusst oder überlagert. Weiterhin erfolgt eine Charakterisierung von Blut-

zellen, die aus der nativen Umgebung - der Gehirn-Rückenmarks-Flüssigkeit - isoliert

worden sind, um zu prüfen, inwieweit die CSF-Matrix die Anwendbarkeit der Raman-

Spektroskopie beeinflusst. Durch die gekoppelte Anwendung der Raman-Spektroskopie

mit statistischer multivariater Datenanalyse kann zwischen Zellsubstrukturen innerhalb

weißer Blutzellen unterschieden werden. Da sich zusätzlich die verschiedenen Subtypen

von Blutzellen in der Menge und Art von bestimmten Zellbestandteilen unterscheiden,

gibt es zukünftig die Möglichkeit, dass eine Differenzierung diverser Blutzelltypen vorge-

nommen werden kann. Dafür muss in der Datenbank eine Blutzelle mit einer Vielzahl von

verschiedenen, in der sub-mikroskopischen Auflösung vorkommenden Raman-Spektren
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hinterlegt sein. Das Potential der Raman-Spektroskopie der akkuraten und schnellen Iden-

tifizierung von einzelnen, im CSF vorkommenden Blutzellen, liefert somit für die Imple-

mentierung in der klinischen Diagnostik einen vielversprechenden Ansatz. [MH7]

Der große Vorteil der Raman-Spektroskopie, geringe molekulare Unterschiede zu detek-

tieren, wird nicht nur als zerstörungsfreie In-vivo-Analysemethode zur Untersuchung der

Morphologie und biochemischen Zusammensetzung an einzelnen Geweben, Zellen und de-

ren sub-zellulären Strukturen angewendet, um daraus Abnormalitäten ableiten zu können.

Dieses Potential ist außerdem hilfreich, um zwischen gesunden und kranken Gewebestruk-

turen zu unterscheiden, Krankheiten zu detektieren und Krankheitsverläufe zu überwa-

chen bzw. um Wirkprinzipien von Medikamenten auf molekularer Ebene verfolgen zu

können [4]. Zahlreiche Anwendungen betreffen vielmehr die Untersuchung von Körper-

flüssigkeiten für die klinische Diagnose mit einer Raman-Anregung im nahen infraroten

Spektralbereich. Bei der Serum-, Blutplasma oder Urinanalyse ist es möglich, Konzentra-

tionen vieler medizinisch wichtiger Analyten wie Glukose, Cholesterin oder Triglyceriden

auf einem klinisch relevanten Niveau zu bestimmen [26, 29, 30, 60, 87]. Da verschiedene

Krankheiten die Protein-Zusammensetzung des Blutplasmas verändern, bietet die relati-

ve Quantifizierung von Plasmabestandteilen die Möglichkeit, Informationen für neue dia-

gnostische und prognostische Faktoren zu erhalten. Das Ziel der Untersuchungen dieses

Kapitels stellt erstmalig einen innovativen Ansatz zur medizinischen Diagnose von Blut-

plasmaproben von Gesunden und Patienten einer entzündungs-assoziierten Gerinnungs-

störung, in diesem Fall der thrombotischen Mikroangiopathie (TMA), mittels UVRR-

Spektroskopie dar. Die Analyse von Plasmaproteinen, speziell die genaue Bestimmung

von deren Konzentration oder Aktivität bzw. im Allgemeinen die molekulare Zusammen-

setzung der Probe, ist von entscheidender Bedeutung für die Diagnose von mit einer

Entzündungsreaktion einhergehenden Gerinnungsstörung, sowie der Möglichkeit der Un-

terscheidung zu infektiösen Krankheiten wie Sepsis. Im Falle der thrombotischen Mikroan-

giopathie findet man bei erkrankten Personen von Willebrand Faktor (VWF)-Multimere

einer veränderten Biofunktionalität vor; diese besitzen ein erhöhtes Molekulargewicht.

Die konventionelle Blutplasmaanalyse beruht auf elektrophoretischen Methoden, die bis

zu mehreren Tagen dauern können und somit für therapeutisches Monitoring ungeeignet

sind. [MH8, MH9]

Um einen Fortschritt für eine schnellere Methode zur Blutplasmaanalyse zu erlangen,

wird zur Gewährleistung einer zeitnahen Diagnose von Entzündungen, Gerinnungsstörun-

gen oder Infektionen bzw. zum therapeutischen Monitoring dieser Erkrankungen ein neues
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Verfahren unter Verwendung der Raman-Spektroskopie in Kombination mit chemometri-

schen Datenanalysemethoden vorgestellt. In dieser Studie werden in Kooperation mit Dr.

Ralf Claus von der Klinik für Anästhesiologie und Intensivtherapie der Friedrich-Schiller-

Universität Jena kryopräzipitierte Blutplasmaproben von gesunden Spendern und Patien-

ten mit thrombotischer Mikroangiopathie mit Hilfe der UV-Resonanz-Raman-Spektros-

kopie charakterisiert und identifiziert. Gegenwärtige Studien zur Blutplasmaanalyse be-

dienen sich der FTIR-Spektroskopie oder Raman-Spektroskopie mit einer Anregung im

nahen infraroten Spektralbereich [26,29,87,88]. Durch die Raman-Anregung im tiefen UV-

Wellenlängenbereich bei 244 nm werden die Raman-Signale der in den Blutplasma-Kryo-

präzipitaten angereicherten spezifischen Proteine - der von Willebrand Faktor-Multimere

- sensitiv und selektiv in ihrer biologischen Umgebung verstärkt. Mit Hilfe von verschie-

denen chemometrischen Klassifizierungsmethoden, wie der hierarchischen Clusteranalyse

und der Hauptkomponentenanlyse, kann erstmals eine effektive und zuverlässige Diffe-

renzierung der UVRR-Spektren von Blutplasmaproben gesunder Spender und Patienten

gezeigt werden. Diese Studie präsentiert die Leistungsfähigkeit der UV-Resonanz-Raman-

Spektroskopie als eine innovative Methode zur Blutplasmaanalyse und darin enthaltenen

proteinogenen Bestandteilen ohne aufwändige Probenpräparation. Durch die Vermessung

von in Kryropräzipitaten enthaltenen proteinogenen Bestandteilen können anhand der

Raman-Spektren deren Zusammensetzung charakterisiert werden und Präparationsfeh-

ler aufgedeckt werden. Zukünftige Untersuchungen streben einen UV-Resonanz-Raman-

spektroskopischen Datenbankaufbau an, die Referenzdaten enthält. Dies umfasst einer-

seits Daten von gesunden Spendern, andererseits von auf einer Entzündung beruhenden

Patientendaten, die verschiedene Krankheitsstadien aufweisen. Ziel hierbei ist es, unbe-

kannte Proben sofort nach Probennahme anhand dieser Referenzdatenbank als gesund

oder krank mit Feststellung des Schweregrades der Entzündungsreaktion zu identifizieren.

Des Weiteren gibt es die Möglichkeit, die Datenbank mit Referenzdaten von infektiösen

Krankheiten, wie Sepsis, zu erweitern, bei der Mikroorganismen beiteiligt sind. Da beide

Krankheitsbilder ähnliche Symptome zeigen und eine Sepsis oft zu spät erkannt wird,

wäre eine zuverlässige und rechtzeitige Abgrenzung einer Entzündung von einer Sepsis

für die klinische Diagnostik erstrebenswert. [MH8, MH9]

Eine weitere Ausnutzung der hohen Selektivität und Sensitivität für DNA/RNA- und

Protein-Schwingungen mittels UV-Resonanz-Raman-Spektroskopie liegt in der minimal-

invasiven Identifizierung des Vogelgeschlechts anhand der unterschiedlichen DNA-Menge.
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Die Bestimmung des Vogelgeschlechts ist bei Vogelzüchtern bei der Einrichtung von Brut-

paaren oder Schwärmen für eine erfolgreiche Vogelvermehrung bzw. Züchtung ein ent-

scheidender Faktor. Für die Geflügelindustrie ist die Feststellung des Vogelgeschlechts

aus ökonomischen Gründen aufgrund unterschiedlicher Fütterungsgewohnheiten wichtig.

Im Gegensatz zu Säugetieren besitzen Vögel keine äußerlich sichtbaren Geschlechtsorgane.

Im Allgemeinen kann aber häufig eine Unterscheidung des Geschlechts anhand sekundärer

verhaltenstypischer oder morphologischer Parameter wie beispielsweise der Körpergröße,

Stirnhöcker oder des Gefieders vorgenommen werden. Beispielsweise besitzt der Erpel

ein farbenprächtiges Federkleid, während das Weibchen nur ein unscheinbares Gefieder

aufweist. Bei bestimmten Vogelarten wie Großpapageien, bei jungen Vögeln oder auch

im embryonalen Stadium ist die Geschlechtsunterscheidung anhand äußerer phänotypi-

scher Merkmale hingegen nicht so einfach. Hierbei kommen oft molekulargenetische oder

endoskopische Verfahren bzw. Blutanalysen zum Einsatz [89–92]. Allerdings birgt die

Blutentnahme bzw. Narkose immer eine Gefahr für das Tier. Dieses Gesundheitsrisiko

sollte bei teuren Großpapageienarten vermieden werden. Eine günstigere und stressfreie

Methode zur Geschlechtsidentifzierung stellt die UV-Resonanz-Raman-Spektroskopie dar,

die nicht-invasiv arbeitet. [MH10]

Im Rahmen dieses Forschungsprojektes in Kooperation mit Dr. Thomas Bartels von der

Klinik für Vögel und Reptilien der Universität Leipzig wird im folgenden Kapitel der Ar-

beit untersucht, inwieweit die UV-Resonanz-Raman-Spektroskopie eine geeignete Metho-

de für die neuartige Geschlechtsbestimmung von Vögeln am Beispiel der Vogelart Haus-

huhn (Gallus gallus domesticus) darstellt. Hierbei erfolgt die Raman-spektroskopische

Analyse des Federpulpamaterials aus einer im Wachstum befindlichen Feder. Die erst-

mals an Vogelfedern durchgeführten UVRR-spektroskopischen Untersuchungen haben ei-

ne 95%ige Bestimmung des Geschlechts anhand des Raman-Spektrums mit Hilfe von

statistischen Klassifikationsmethoden, wie unüberwachter Klassifizierungsmethoden, der

hierarchischen Clusteranalyse und der Hauptkomponentenanalyse sowie eines überwach-

ten Klassifizierungsalgorithmus’, der Support-Vektor-Maschine, gezeigt. Weiterhin wird

zur Charakterisierung der Zusammensetzung der Federpulpaextrakte der Einfluss der

durch die Raman-Anregung mit UV-Strahlung selektiv verstärkten Federbestandteile,

wie Proteine und DNA, untersucht. Mit Hilfe einer Hauptkomponentenanalyse können

außerdem 13 verschiedene, für eine Geschlechtsbestimmung entscheidende, spektrale Be-

reiche zwischen 1660 und 1336 cm−1 festgestellt werden. Durch Kombination der UVRR-

Spektroskopie mit einer Hauptkomponentenanalyse wird das Potential der neuen Metho-

de deutlich. Es zeigt sich neben der erfolgreichen Geschlechtsunterscheidung am Beispiel

des Haushuhns, dass nur 3 Hauptkomponenten, die bereits 83% der Datensatzvariation
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beschreiben, für eine zuverlässige Differenzierung zwischen männlichem und weiblichem

Federpulpamaterial ausreichend sind.

Im Zuge des Projektes soll zukünftig die Referenzdatenbank auch bezüglich weiterer Vo-

gelarten erweitert werden, so dass durch einen Vergleich der Raman-Spektren auf der Basis

dieser Datenbank eine Geschlechtsbestimmung von unbekannten Federpulpaproben vor-

genommen werden kann. Zusätzlich ist eine Optimierung bezüglich Probenpräparation

und Vermessung angedacht, damit daraus eine erhöhte Genauigkeit der Geschlechtsbe-

stimmung in dem Bereich der kommerziellen Akzeptanz von 98.5% resultieren kann. Ein

weiterer Ansatz wäre eine Ausweitung der Methode auf die Legehennenzucht, so dass sich

durch eine Geschlechtsbestimmung am Ei das routinemäßige Töten männlicher Küken

vermeiden ließe. [MH10]
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1.2 Eigene Forschungsergebnisse

1.2.1 Chemotaxonomische Klassifizierung von Mikroorganismen

mittels Raman-Spektroskopie und statistischer Datenana-

lyse

Mikroorganismen sind allgegenwärtig - auf unserer Haut, in unserem Darm, im Boden

und Wasser, in Lebensmitteln und in der Raumluft. In verschiedenen industriellen Berei-

chen, wie der Nahrungsmittelproduktion, der pharmazeutischen und chemischen Indus-

trie, werden Bakterien und Hefen für die Herstellung von Joghurt, Käse, Alkohol, Anti-

biotika, Hormonen, Zitronensäure etc. genutzt. Allerdings sind Mikroorganismen auch für

den Nahrungsmittelverderb verantwortlich z. B. in Fleischprodukten. In Operationssälen

oder in Reinräumen kann schon die Anwesenheit einzelner Mikroben fatal sein. Mikro-

bielle Kontaminationen am Fließband im Reinraum der pharmazeutischen Produktion

bzw. in Arzneimittelprodukten können aufgrund des Produktionsausfalls zu hohen Kos-

ten führen [93].

Treten beispielsweise im Krankenhaus gefährliche Keime auf, müssen diese schnellstmög-

lich und eindeutig identifiziert werden. Hierbei ist es sehr wichtig, Krankheitserreger zu-

verlässig zu detektieren, um eine zeitnahe Diagnose zu realisieren, einen schnellen The-

rapiebeginn zu initiieren und um schließlich die Ausbildung von Antibiotikaresistenzen

gegen die verabreichten Arzneimittel zu verhindern [94,95]. Bei den gängigen mikrobiolo-

gischen Identifizierungstechniken ist eine Kultivierung auf verschiedenen Nährböden nötig.

Die mikrobiologische Diagnose beginnt mit einer Isolation und Anreicherung der Bakte-

rien, gefolgt von einer Gram-Färbung zur Unterscheidung zwischen Gram-positiven und

Gram-negativen Bakterien, sowie einer ersten Differenzierung nach morphologischen Ge-

sichtspunkten wie Form, Größe und physiologischen Tests. Mit diesen Tests sind Iden-

tifizierungsergebnisse anhand verschiedener Stoffwechselreaktionen und -produkte erst

nach mehreren Tagen verfügbar [45, 95–97]. Die Verabreichung von Breitbandantibioti-

ka als ersten Therapieschritt ist in diesem Sinne nicht zufrieden stellend, da die Rate

von Antibiotika-resistenten Bakterienstämmen zunimmt [94]. Für eine effektive und er-

folgreiche Behandlung ist eine zeitnahe und sichere Differenzierung der Krankheitserreger

unabdingbar. Außerdem sind alternative Methoden zur Identifizierung von individuel-

len bakteriellen Kontaminationen auf Einzelzellebene wünschenswert. In diesem Zusam-

menhang wurden viele neue Methoden zur Mikroorganismenidentifizierung entwickelt,

wie beispielsweise die Massenspektroskopie [45, 98], Polymerase-Ketten-Reaktion (engl.:
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Polymerase Chain Reaction: PCR) [99–102], Durchflusszytometrie (engl.: Fluorescence

Activated Cell Sorting : FACS) [102–105], Fluoreszenz-Spektroskopie [102, 105, 106] oder

immunologische Verfahren [102,104,107]. Jedoch erfordern diese Tests ebenfalls Reinkul-

turen und sind nicht für alle Arten verfügbar [51,107].

Schwingungs-spektroskopische Methoden, wie die FT-IR (Fourier-Transform Infrarot)-

und Raman-Spektroskopie bieten hierfür als vielversprechende nicht-invasive Techniken

die Möglichkeit, innerhalb einer sehr kurzen Zeit komplexe und genaue Informationen über

die gesamte biochemische Zusammensetzung eukaryotischer und prokaryotischer Zellen zu

erhalten. Die aus diesen Verfahren resultierenden Spektren können daher als spektraler

’Fingerabdruck’ des jeweiligen Organismus’ angesehen werden [108].

Ein Spezialfall der Raman-Streuung stellt die Resonanz-Raman-Streuung dar. Hier führt

das einfallende Photon zu einem elektronisch angeregten Zustand des Moleküls. Ein sol-

cher Vorgang ist zu beobachten, wenn die eingesetzte Anregungswellenlänge einer Ab-

sorptionsbande des Moleküls entspricht. Durch Lasereinstrahlung im UV-Wellenlängen-

bereich kommt es zur selektiven Raman-Streuung des Lichtes an chromophoren Seg-

menten bzw. Makromolekülen, wie beispielsweise aromatischen Aminosäuren (Trypto-

phan, Tyrosin, Phenylalanin und Histidin) in Proteinen und DNA/RNA-Bausteinen,

während die restlichen Moleküle keinen wesentlichen Beitrag zum Raman-Spektrum lie-

fern. Somit lassen sich wichtige Signale von Makromolekülen bzw. bestimmten Chro-

mophorsegmenten innerhalb komplexer Systeme selektiv verstärken, wodurch eine sen-

sitive und selektive genotypische Mikroorganismen-Identifizierung durchgeführt werden

kann. Weiterhin wird durch die Resonanzverstärkung die Streuintensität um etwa 106

erhöht. Aufgrund dieser Überlegungen sind zahlreiche Untersuchungen zur Klassifizie-

rung von Bakterienschichten bei einer Laseranregungswellenlängen im Bereich von 250

nm durchgeführt worden [70, 73, 74, 77, 78]. Die dafür genutzte Wellenlänge liegt im Be-

reich der starken elektronischen Absorptionsbanden der untersuchten Moleküle. Diese

UV-Anregungswellenlängen führen neben der Resonanzverstärkung, auch zu einer erheb-

lichen intrinsischen Verstärkung des Streuprozesses, womit das Signal-Rausch-Verhältnis

verbessert wird.

Bei der Raman-Anregung im sichtbaren Wellenlängenbereich erhält man biomolekula-

re Informationen von Wasser, DNA/RNA, Proteinen, Kohlenhydraten und Lipiden der

zu analysierenden Zelle. Die bei einer Anregung im sichtbaren Spektralbereich erhalte-

nen Mikro-Raman-Spektren liefern hochspezifische biochemische Informationen als Er-

gebnis aus der Überlagerung der gesamten zellulären Bestandteile. Infolgedessen erreicht
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man eine phänotypische Identifizierung [43]. Aufgrund der Schnelligkeit und Empfind-

lichkeit schwingungs-spektroskopischer Methoden zur Charakterisierung und Differenzie-

rung biologischer Systeme gewinnen diese in den letzten Jahren immer mehr an Bedeu-

tung. Speziell in der mikrobiologischen Klassifizierung haben die FT-IR-Spektroskopie

[109–114] und die Raman-Spektroskopie große Erfolge verbucht [13,95,108,115–117]. Ge-

genwärtig können Raman-Spektren erfolgreich eingesetzt werden, um zwischen verschie-

denen mikrobiellen Arten und Stämmen in Zellschichten und Mikrokolonien zu differen-

zieren [12,25,49,118]. Jedoch sind für die Untersuchung an Schichten und Mikrokolonien

Kultivierungsschritte von mindestens 6 Stunden erforderlich [95, 96]. Daher besteht ein

großes Interesse an der Analyse von einzelnen Zellen direkt nach der Abscheidung der

Partikel, wie dies beispielsweise im Reinraum oder in der Umgebung der Lebensmittel-

verarbeitung durchgeführt wird. Mit Hilfe der Mikro-Raman-Spektroskopie mit einer An-

regungswellenlänge im sichtbaren Spektralbereich ist es aufgrund der hohen räumlichen

Auflösung von etwa 1 µm möglich, einzelne Bakterienzellen zu analysieren [50, 119] und

mit Hilfe statistischer Mustererkennungsalgorithmen zu klassifizieren [47]. Damit entfallen

zeitaufwändige Kultivierungsschritte, die unter anderem bei konventionellen mikrobiolo-

gischen Identifizierungsmethoden zur Zellanreicherung und Identifizierung nötig sind.

Im Rahmen des Biophotonik-Projektes OMIB (Online-Monitoring und Identifizierung

von Bioaerosolen) werden in Kooperation mit dem Institut für Informatik der Univer-

sität Freiburg, dem Fraunhofer Institut für Produktionstechnik und Automatisierung, der

rap.ID particle systems GmbH, der Kayser-Threde GmbH, der Schering AG sowie dem

Institut für Photonische Technologien (IPHT) Jena bei der Reinraumproduktionsüberwa-

chung neue Maßstäbe in der schnellen Erregeridentifizierung bei Diagnose und Therapie

mittels Raman-spektroskopischer Methoden gesetzt. Das Ziel besteht dabei in der Mi-

nimierung von möglichen Gesundheitsrisiken als auch Produktionsausfallzeiten [43]. Von

dem im Reinraum auf einem geeigneten Träger abgeschiedenen Bakterien sind die Wachs-

tumsbedingungen und das Alter völlig unbekannt. Unterschiedliche Kultivierungsbedin-

gungen führen zu einer Variabilität der biochemischen Zusammensetzung der Zellen, die

im Raman-Spektrum wiedergegeben werden. Für eine erfolgreiche Klassifizierung ist es

also entscheidend zu wissen, ob die Variationen aufgrund des Metabolismus während der

verschiedenen Wachstumsphasen gering oder sogar vernachlässigbar, verglichen mit den

beobachtbaren Unterschieden zwischen den verschiedenen Stämmen, sind. Demzufolge ist

es von äußerster Bedeutung, eine große Vielfalt von verschiedenen Kultivierungsparame-

tern auf die Identifizierungsfähigkeit zu untersuchen. Dieser Sachverhalt wird in diesem

Teil der Arbeit aufgegriffen, der die Identifizierung von Bakterienschichten und einzelnen
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Bakterienzellen anhand ihres Raman-Spektrums beinhaltet. Es wird die Leistungsfähig-

keit der Kopplung der Raman-Spektroskopie mit verschiedenen statistischen Klassifizie-

rungsmethoden, wie der hierarchischen Clusteranalyse, gezeigt und erstmalig das Poten-

tial der Support-Vektor-Maschine auf einen heterogenen komplexen Datensatz studiert.

Gegenstand dieser Untersuchungen sind Bakterienausstriche. Dabei erfolgt vorher die Kul-

tivierung von verschiedenen Bakterienstämmen auf Agarplatten. Hierzu werden Bakterien

mit einer Impföse auf einem Quarzträger ausgestrichen und deren Raman-Spektren auf-

genommen. Bei der Kultivierung auf Agarplatten findet man eine Mischung von Zellen

vor, die verschiedenen physiologischen Stadien angehören, bei denen die Wachstumspha-

sen nicht definiert sind. Im Gegensatz dazu liegt bei der Kultivierung der Bakterien in

Flüssigkulturen vorrangig eine homogene physiologische Kultur vor.

Genotypische Klassifizierung von Bakterienschichten mittels UV-Resonanz-

Raman-Spektroskopie

Zunächst werden Bakterienschichten mit Hilfe der UV-Resonanz-Raman-Spektroskopie

studiert. Die Lasereinstrahlung im UV-Wellenlängenbereich liegt im Bereich der starken

elektronischen Absorptionsbanden von Makromolekülen bzw. bestimmten Chromophor-

segmenten, wie beispielsweise aromatischen Aminosäuren (Tryptophan, Tyrosin, Phenyl-

alanin und Histidin) in Proteinen und DNA/RNA-Bausteinen. Bei dieser Anregungswel-

lenlänge werden diese Signale innerhalb komplexer Systeme selektiv verstärkt, während

die restlichen Moleküle keinen wesentlichen Beitrag zum Raman-Spektrum liefern. Somit

kann eine sensitive und selektive genotypische Mikroorganismen-Identifizierung durch-

geführt werden.

Diese UV-Anregungswellenlängen führen neben der Resonanzverstärkung und erhebli-

chen intrinsischen Verstärkung des Streuprozesses bei Verwendung einer Wellenlänge im

Bereich um 250 nm zu einer Fluoreszenzanregung. Ein Raman-Spektrum über einen Be-

reich von 4000 cm−1 erstreckt sich bei dieser Anregungswellenlänge über einen Bereich

von etwa 30 nm oberhalb der Raman-Anregungswellenlänge. Die Raman-Signale werden

nicht von Fluoreszenzemissionsbanden überlagert, da diese im sichtbaren Wellenlängen-

bereich liegen. Durch die separierten Raman- und Fluoreszenzsignale können gut auf-

gelöste, fluoreszenzfreie Raman-Spektren von Bakterienschichten erzielt werden [73]. Die

UV-Resonanz-Raman-Spektroskopie kann zur Bestimmung der relativen Anteile der Nu-

kleinsäurezusammensetzung von beispielsweise E. coli bei wohl definierten Wachstums-

phasen verwendet werden [70]. In Kombination mit der hierarchischen Clusteranalyse und

Hauptkomponentenanalyse ist die UVRR-Spektroskopie gegenwärtig zur Klassifizierung
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von verschiedenen Bakterienarten angewendet worden [72,79]. Hierbei kann das Klassifi-

zierungspotential allerdings nur für eine limitierte Anzahl von Arten gezeigt werden.

Im Rahmen des Biophotonik-Projektes OMIB (Online-Monitoring und Identifizierung von

Bioaerosolen) wird in dieser Studie die UV-Resonanz-Raman-Spektroskopie mit einer An-

regungswellenlänge von 244 nm angewendet. Diese Anregungswellenlänge wird von einem

frequenzverdoppelten Argon-Ionen-Laser (Innova 300, FReD) erzeugt, der bei Fokussie-

rung auf die Probe eine Laserleistung von etwa 1-2 mW besitzt. In Verbindung mit einer

Support-Vektor-Maschine erfolgt die genaue Differenzierung von Bakterienschichten auf

Art- und Stammebene. Dabei sind 34 verschiedene in Reinraum-Umgebung vorhande-

ne Bakterienstämme untersucht worden, die 9 verschiedenen Arten anghören. Die UV-

Laserstrahlung besitzt eine relativ hohe Energiedichte. Daher können biologische Proben

sehr leicht photochemisch bzw. photothermisch zerstört werden. Infolgedessen ist bisher

keine Analyse von einzelnen Bakterienzellen, sondern nur von Bakterienschichten von etwa

104 bis 105 Zellen [86] möglich [120, 121]. Zur Minimierung der photochemischen Degra-

dation wird die Probe unter dem Laserstrahl bewegt.

Die UVRR-Spektren von 34 Stämmen (Abb. 3 in [MH1]) können mit Hilfe der Support-

Vektor-Maschine (SVM) klassifiziert werden. Tab. 2 in [MH1] zeigt die Klassifizierungser-

gebnisse mittels SVM. Die geringste mittlere Erkennungsrate ist auf Stammebene für E.

coli mit 96.4% ermittelt worden. Alle anderen Stämme zeigen höhere mittlere Erkennungs-

raten, sowohl auf Stamm- als auch auf Artebene. Insgesamt kann für die Untersuchung

von Bakterienschichten eine mittlere Erkennungsrate von 98.7% auf Stammebene bzw.

99.9% auf Artebene erreicht werden. [MH1]

Die Einstrahlung von UV-Laserlicht bei der Anwendung der UVRR-Spektroskopie führt

zu einer photochemischen Zerstörung der untersuchten biologischen Proben. Damit ist

gegenwärtig eine geplante Einzelzellanalyse von im Reinraum vorhandenen Mikroorganis-

men nicht realisierbar. Im Folgenden wird zur Vermeidung der Verbrennung der Probe

die Raman-Anregungswellenlänge gewechselt. Gegenstand der folgenden Kapitel ist die

Analyse von Bakterienzellen mit einer Raman-Anregungswellenlänge im sichtbaren Spek-

tralbereich.
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Phänotypische Klassifizierung von Bakterienschichten mittels Mikro-Raman-

Spektroskopie

In diesem Kapitel erfolgt zur generellen Überprüfung der Funktionalität dieser Metho-

de zur Einzelzellanalyse die Untersuchungen mit einer Anregung im sichtbaren Spek-

tralbereich. Im Rahmen dieser Untersuchungen findet die Mikro-Raman-Spektroskopie

(HR LabRam invers system, Jobin Yvon, Horiba, Bensheim, Deutschland) Anwendung.

Als Raman-Anregungswellenlänge dient die 532 nm Laserlinie eines frequenzverdoppel-

ten Nd:YAG, der bei Fokussierung auf die Probe eine Laserleistung von etwa 2,4 mW

besitzt. Zunächst werden Analysen zur Charakterisierung und Differenzierung von Bak-

terienschichten auf einen ausgewählten Datensatz von Bakterien der Gattung Staphy-

lococcus durchgeführt. Die Klassifizierung der verschiedenen Bakterienstämme anhand

ihres Raman-Spektrums erfolgt durch verschiedene chemometrische Methoden, wie der

hierarchischen Clusteranalyse. Erstmalig wird das Klassifizierungspotential der Support-

Vektor-Maschine auf einen heterogenen und komplexen Datensatz studiert. Bei der Ana-

lyse von Bakterienschichten resultiert das Raman-Spektrum aus dem gemittelten Signal

über verschiedene physiologische Stadien der Bakterien (Abb. 2 in [MH2]).

Insgesamt können für die Untersuchung von Bakterienschichten der Gattung Staphylo-

coccus mit Hilfe der hierarchischen Clusteranalyse 97.0% der Bakterien auf Stammebene

bzw. 97.7% auf Artebene Raman-spektroskopisch richtig zugeordnet werden (Abb. 3 in

[MH2]). Mittels Support-Vektor-Maschine kann eine mittlere Erkennungsrate von 94.9%

auf Stammebene bzw. 97.0% auf Artebene erreicht werden (Tab. 3 in [MH2]).

In weiterführenden Experimenten wird für die Anwendung dieser schnellen, nicht zerstören-

den und zuverlässigen Identifizierungsmethode von Mikroorganismen als Einzelpartikel

der Datensatz erweitert. Hierfür erfolgt die Einrichtung einer größeren Raman-spektros-

kopischen Datenbank mit mehreren Bakterienstämmen bezüglich der in der Reinraum-

produktionskontrolle vorhandenen möglichen Kontaminationsquellen. Auf diese Referenz-

daten kann dann bei der Identifizierung von unbekannten mikrobiellen Keimen zurückge-

griffen werden.

Mittels Raman-Spektroskopie und Support-Vektor-Maschine wird bei der Analyse des ge-

samten Datensatzes von 339 Raman-Spektren von Bakterienschichten (Abb. 2 in [MH3]),

die 20 verschiedenen Stämmen und 9 Arten angehören, eine mittlere Erkennungsrate

von 98.0% (332/339 Raman-Spektren) auf Stammebene bzw. 98.9% (335/339 Raman-

Spektren) auf Artebene (Tab. 1 in [MH3]) erreicht.
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Phänotypische Klassifizierung von einzelnen Bakterienzellen mittels Mikro-

Raman-Spektroskopie

Für die Untersuchung von Bakterienschichten benötigt man eine Kultivierung von min-

destens 6 Stunden, um genug biologisches Material und somit auch Spektren mit einem

guten Signal-Rausch-Verhältnis zu erhalten. Um jedoch eine Beschleunigung im Klassi-

fizierungsprozess zu realisieren, ist die Identifizierung diverser Spezies und Stämme an

Einzelzellen vorzuziehen. Die Untersuchung von einzelnen Bakterienzellen zeigt, dass auf-

grund der fehlenden Kompartimentierung innerhalb der Zelle eine räumliche Homogenität

besteht. Das heißt, man erhält vergleichbare Raman-Spektren, unabhängig davon, an wel-

cher Messposition innerhalb der Zelle die Messung erfolgt (Abb. 3 in [MH3]). Somit ist

es möglich, einzelne Bakterienzellen anhand eines Spektrums zu charakterisieren und zu

identifizieren.

Im Folgenden werden einzelne Bakterienzellen zunächst der Gattung Staphylococcus Ra-

man-spektroskopisch analysiert, wodurch auf den bisher zur Differenzierung von Bakteri-

enschichten notwendigen Kultivierungsschritt verzichtet werden kann. Ein Mikroskopbild

eines Ausstrichs einzelner Bakterienzellen auf Quarz ist in Abb. 1 in [MH2] dargestellt,

während Abb. 4 in [MH2] repräsentative Mikro-Raman-Spektren von einzelnen Bakteri-

enzellen zeigt.

Die Umgebungsbedingungen und Wachstumsparameter einer im Reinraum aufgefunde-

nen Kontaminationsquelle sind unbekannt und können deren Klassifizierung auf Art- und

Stammebene erschweren. Infolgedessen müssen wachstumsabhängige intra-Stamm spe-

zifische Variationen der zu untersuchenden Bakterienzelle bei deren Identifizierung mit

in Betracht gezogen werden. Unterschiedliche Kultivierungsbedingungen führen zu einer

veränderten biochemischen Zusammensetzung der Zelle und folglich zu einen charakteristi-

schen Raman-Spektrum (Abb. 6 in [MH2]). Anhand der Zell-spezifischen Raman-Spektren

wird der Einfluss verschiedener Kultivierungsbedingungen (Nährstoffangebot, Tempera-

tur und Kulturalter) auf die chemotaxonomische Klassifizierungsfähigkeit von einzelnen

Bakterienzellen analysiert. Allerdings kann mit Hilfe der hierarchischen Clusteranalyse

keine Klassifizierung dieses komplexen Datensatzes vorgenommen werden, so dass ei-

ne Trennung der Bakterienstämme bzw. Arten in separaten Gruppen möglich gewesen

wäre. Vielmehr kann das großartige Potential der SVM als eine überwachte statistische

Methode gezeigt werden, die eine Unterscheidung dieses heterogenen Datensatzes ein-

zelner verschieden kultivierter Bakterienzellen zu 94.1% (1248/1280 Raman-Spektren)

auf Stamm- und zu 97.6% (1266/1280 Raman-Spektren) auf Artebene Tab. 4 in [MH2]

erlaubt. Die aus verschiedenen Kultivierungsbedingungen resultierenden Variationen im
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Raman-Spektrum der einzelnen Bakterienzellen stören folglich nicht die chemotaxonomi-

sche Klassifizierungsfähigkeit der Bakterien der Gattung Staphylococcus. [MH2]

Durch die signifikante Unterscheidung von Arten und Stämmen, sogar für einzelne Bakte-

rien bei verschiedenen Wachstumsphasen und Wachstumsbedingungen anhand eines aus-

gewählten Datensatzes der Gattung Staphylococcus ist im vorangegangenen Abschnitt

gezeigt worden, dass sich die Raman-Spektroskopie mit Einbeziehung des statistischen

Mustererkennungsalgorithmus’ der Support-Vektor-Maschine als empfindliche und aussa-

gekräftige Technik zur Einzelzellanalyse erweist.

Um im Folgenden im Reinraum auftretende mikrobielle Keime identifizieren zu können,

wird für diese schnelle und zuverlässige Raman-spektroskopische Identifizierungsmetho-

de der Datensatz an Einzelzellspektren erweitert. In Abb. 8 in [MH3] sind repräsen-

tative Raman-Spektren einzelner Bakterienzellen von 9 Bakterienstämmen dargestellt.

Zur Erhöhung der möglichen Variabilitäten werden erneut wachstums-charakteristische

Raman-Spektren einzelner Bakterien mit in die Datenbank aufgenommen. Weiterhin er-

folgt die Untersuchung von Bacillus Stämmen, die zur Sporenbildung befähigt sind. Dazu

werden Raman-Spektren von vegetativen Zellen (Abb. 6 A in [MH3]) und Endosporen

mit in die Datenbank integriert (Abb. 4 und 5 in [MH3]). Zusätzlich zu bisher betrachte-

ten chromophorlosen Bakterienstämmen, können im Reinraum häufig gelb pigmentierte

Bakterienarten von M. luteus auftreten. Deren Raman-Spektren weisen typische Caroti-

noidbanden von Sarcinaxanthin auf (Abb. 6 B in [MH3]), deren Intensität durch Laser-

bestrahlung mit der 532 nm Laserlinie aufgrund von Bleichungseffekten abnimmt (Abb.

7 in [MH3]). Daraus resultiert eine erhöhte Variation der Raman-Spektren, was zu einer

erschwerten Identifizierung von unbekannten Mikroorganismen führt. Insgesamt kann mit

Hilfe der Support-Vektor-Maschine von 2257 Raman-Spektren einzelner Zellen, die 20

verschiedenen Stämmen und 9 Arten angehören, eine mittlere Erkennungsrate von 89.2%

(2136/2257 Raman-Spektren) auf Stammebene bzw. 93.6% (2180/2257 Raman-Spektren)

auf Artebene (Tab. 2 in [MH3]) erzielt werden, was mit herkömmlich eingesetzten mikro-

biologischen Verfahren vergleichbar ist. [MH3]

Phänotypische Klassifizierung von einzelnen Hefezellen mittels Mikro-Raman-

Spektroskopie

Dieses neuartige Verfahren zur Detektion und Identifizierung von Mikroorganismen in

Reinraumumgebung umfasst neben der Unterscheidung von prokaryotischen Bakterien-

zellen zusätzlich eine Differenzierung von eukaryotische Hefezellen. Prokaryoten besitzen



ZUSAMMENFASSUNG 21

im Unterschied zu Eukaryoten keinen Zellkern; die Erbinformation findet man als ge-

nomische DNA und falls vorhanden als Plasmid DNA, in beiden Fällen in ringförmiger

Form innerhalb der Zelle vor. Das Zytoplasma der Eukaryoten ist wie bei Prokayoten

von einer Zellmembran umgeben. Jedoch sind bei Eukaryoten in dieses Zytoplasma ei-

ne Fülle von Membransystemen eingeschlossen, die unter anderem als endoplasmatisches

Retikulum, Vesikel und Mitochondrien eigene, vom Zytoplasma abgegrenzte Reaktions-

unterräume, sogenannte Organellen, darstellen [52,53]. Durch diese Kompartimentierung

weisen eukaryotische Zellen eine ausgeprägte räumliche Heterogenität auf. Aufgrund der

Zellgröße von ca. 10 µm im Durchmesser im Vergleich zum effektiven Messvolumen des

Mikro-Raman-Spektrometers von etwa 1 µm ist es demzufolge unzureichend, diese Zellen

im Gegensatz zu prokaryotischen Zellen (Zellgröße von ca. 1 µm) mit Einzelspektren zu

charakterisieren bzw. zu klassifizieren. Zur Analyse von einzelnen Hefezellen sind Raman-

Mapping-Experimente in Kombination mit chemometrischer Auswertung unumgänglich,

um in lateraler und auch axialer Richtung das gesamte Zellvolumen spektroskopisch zu

erfassen bzw. um auf bestimmte Zellbereiche oder Komponenten, wie DNA, Proteine oder

Lipidbestandteile zu fokussieren. In diesem Zusammenhang erfolgt eine Charakterisierung

von Reinraum-relevanten Hefezellen auf Einzelzellebene anhand von Raman-Mapping-

Experimenten. Bildtafel 1 (A) in [MH4] zeigt repräsentative Raman-Spektren, die bei der

Kartierung von zwei in Bildtafel 1 (B) in [MH4] dargestellten Hefezellen an den indizier-

ten Messpositionen aufgenommen worden. Die in Bildtafel 1 (C)-(F) in [MH4] angezeig-

ten Falschfarbenbilder resultieren aus der Integration der Raman-Intensität bestimmter

Markerbanden und liefern demzufolge Rückschlüsse über die räumliche Verteilung dieser

Substanzen. Mittels hierarchischer Clusteranalyse kann eine Klassifizierung von einzel-

nen Hefezellen dreier Hefearten auf Stammebene vorgenommen werden. Dabei werden

60 Mittelwert-Raman-Spektren der Hefezellen verwendet, die aus der Mittelwertbildung

von 10 statistisch ausgewählten Raman-Spektren (Abb. 1 (A) in [MH4] innerhalb einer

Zelle resultieren. Im berechneten Dendrogramm (Abb. 1 (B) in [MH4]) zeigen die zwei

S. cerevisiae Stämme eine größere Homogenität innerhalb der Cluster, sowie eine größere

Ähnlichkeit zueinander als zur Trockenhefe. [MH4]

In weiteren Experimenten erfolgt die Anwendung der Mikro-Raman-Spektroskopie in

Kombination mit der Support-Vektor-Maschine auf einen größeren Datensatz von 8 ver-

schiedenen Hefestämmen. Um hierbei die variierenden Informationen der gesamten Hefe-

zelle aufgrund deren Heterogenitätsstruktur einzubeziehen, werden Linienscans entlang

der Hauptachse der Zelle durchgeführt (Abb. 1 in [MH5]). In Abb. 2 in [MH5] sind

Mittelwert-Raman-Spektren von 10 bis 18 Einzelzellspektren dargestellt, die für die Dif-

ferenzierung auf Art- und Stammebene mittels Support-Vektor-Maschine herangezogen
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werden. Von 92 Mittelwert-Raman-Spektren wird eine mittlere Erkennungsrate von 86.2%

auf Stammebene bzw. 94.8% auf Artebene (Tab. 1 in [MH5]) erreicht, was im Bereich der

Genauigkeit gegenwärtig eingesetzter mikrobiologischer Methoden liegt. [MH5]

Gesamtkonzept zur Identifizierung von Mikroorganismen in Reinraumumge-

bung der pharmazeutischen Produktion

Zur Gewährleistung einer Online-Überwachung, inklusive Detektion und Identifizierung

von so genannten Bioaerosolen in der pharmazeutischen Produktion unter Reinraumbe-

dingungen, ist eine Vorselektion der zu klassifizierenden biologischen Partikel notwendig,

um die Analysezeit zu minimieren. Abb. 1 (C) in [MH6] veranschaulicht schematisch das

sogenannte OMIB-Prinzip zum Online-Monitoring und der Identifizierung von Bioaeroso-

len. Nach Abscheidung der biologischen (biotischen) und abiotischen Partikel (wie Staub,

Gummiabrieb, etc.) aus der Luft, erfolgt die Aufnahme eines Weißlicht-Mikroskopbildes.

Dieses gibt eine Aussage über die Größe, Struktur und Verteilung der vorhandenen Konta-

minationen, wobei lediglich Partikel biologischen Ursprungs identifiziert werden müssen.

In einem weiteren Schritt erfolgt eine Vorselektion der relevanten, zu differenzierenden mi-

krobiellen Infektionskeime. Dies geschieht anhand unterschiedlicher Autofluoreszenzeigen-

schaften zwischen biotischen und abiotischen Partikeln (Abb. 2 und 3 in [MH6]). Mittels

Fluoreszenz-Monitoring kann zwischen biotischen und abiotischen Partikeln unterschie-

den werden. Schließlich kann im Anschluss daran mit Hilfe der Raman-Spektroskopie in

Kombination mit statistischen Datenauswerteverfahren eine chemotaxonomische Identifi-

zierung, ohne Zeitverzögerung innerhalb weniger Stunden, ermöglicht werden. Repräsen-

tative Mikro-Raman-Spektren von einzelnen Bakterienzellen sind in Abb. 4 in [MH6]

dargestellt. Für eine zuverlässige Datenanalyse ist die Verwendung von lernfähigen che-

mometrischen Methoden, wie die Support-Vektor-Maschine, notwendig. Neben der Klassi-

fizierung von Bakterien anhand einzelner Raman-Spektren, werden zusätzlich verschiedene

Hefestämme, die häufig zu Kontaminationen im Reinraum führen, untersucht. Aufgrund

der Heterogenität von Hefen werden keine Einzelzellspektren, sondern Mittelwert-Raman-

Spektren diverser Hefestämme mit in den Datensatz integriert.

Von 3235 Raman-Spektren einzelner Bakterien- und Hefezellen, die 28 verschiedenen

Stämmen und 10 Arten angehören, können 2951 Spektren auf Stammebene korrekt zuge-

ordnet werden, was einer mittleren Erkennungsrate von 85.6% entspricht. Auf Artebene

können 3164 korrekt zugeordnet werden (mittlere Erkennungsrate von 95.4%) (Tab. 1 in

[MH6]). Diese Resultate sind denen gängiger eingesetzter mikrobiologischer Differenzie-

rungsverfahren vergleichbar. Bisher vorgestellte Raman-spektroskopische Untersuchungen
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dienten der Kalibrierung der Support-Vektor-Maschine. Dazu wird eine gewisse Anzahl

von quasi bekannten Raman-Spektren zur Erstellung des Klassifikationsmodells mit Hil-

fe der Support-Vektor-Maschine verwendet, bei denen eine Zuordnung zum jeweiligen

Bakterien- oder Hefestamm mit einfließt. Die verbleibenden Raman-Spektren werden un-

ter Verwendung des vorher gewonnenen Modells klassifiziert und als Ergebnis dieses Kali-

brierdatensatzes erhält man die sogenannte mittlere Erkennungsrate. Ziel weiterer Studien

ist die Identifizierung von Raman-Spektren unbekannter, im Reinraum detektierter Mi-

kroorganismen. Infolgedessen ist ein unabhängiger, aus 130 Raman-Spektren bestehender

Datensatz von 16 verschiedenen Bakterienstämmen erstellt worden. Diese Stämme sind in

dem Kalibrierdatensatz bereits enthalten. Diese Raman-Spektren wurden separat aufge-

nommen und dann mit dem Kalibrierdatensatz den entsprechenden Stämmen und Arten

zugeordnet. Von 130 Raman-Spektren können 125 richtig identifiziert werden (Tab. 2 in

[MH6]). Davon können 96.2% (125/130 Raman-Spektren) auf Stammebene und 98.5%

(128/130 Raman-Spektren) auf Artebene korrekt zugeordnet werden.

Durch die Kopplung der Mikro-Raman-Spektroskopie mit der Weißlicht- und Fluores-

zenzmikroskopie sowie der Support-Vektor-Maschine kann ein entscheidender Schritt zur

zuverlässigen Online-Detektion und Identifizierung von Bioaerosolen gemacht werden. Die

exzellente Unterscheidung von Arten und Stämmen, sogar für einzelne Bakterien, eröffnet

neben der Reinraumproduktion vielversprechende Anwendungen in der Lebensmitteltech-

nologie und Medizin, bei der eine schnelle Erregeridentifizierung ohne zusätzliche vorherige

Kultivierung zur Zellanreicherung erreicht werden kann. [MH6], [122–124]

Die vorangegangenen Ergebnisse zeigen, dass die Raman-Spektroskopie in Verbindung mit

multivariater statistischer Datenanalyse, speziell der Support-Vektor-Maschine, ein ein-

zigartiges Potential zur Klassifizierung von komplexen heterogenen Datensätzen besitzt.

Die Mikro-Raman-Spektroskopie mit einer Raman-Anregungswellenlänge im sichtbaren

Spektralbereich stellt einen geeigneten Ansatz für eine schnelle und vertrauenswürdige,

nicht zerstörende Online-Identifizierung von einzelnen Mikroorganismen, wie Bakterien-

und Hefezellen dar. Im Gegensatz zu dieser phänotypischen Differenzierung von einzelnen

Zellen ist mit Hilfe der UVRR-Spektroskopie bezüglich hoher Sensititivität und Spezifität

eine genotypische Unterscheidung von Bakterien und Hefen, bisher nur an Zellschichten,

möglich. Um das Vermögen der UV-Resonanz-Raman-Spektroskopie als automatisierte

genotypische Klassifizierungsmethode auf Einzelzellniveau auszunutzen, bedarf es weite-

rer Forschung.
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1.2.2 Analyse von Blutzellen mittels Fluoreszenzmarkierung und

Mikro-Raman-Spektroskopie für die Liquordiagnostik

Die Gehirn-Rückenmarks-Flüssigkeit (CSF) ist Hauptuntersuchungsgegenstand in der Dia-

gnose von akuten und chronischen Krankheiten des Zentral-Nervensystems, beispielsweise

bei der Identifizierung von bakteriellen, viralen oder durch Pilze hervorgerufene Infektio-

nen, wie der bakteriellen Meningitis [125]. Die Gehirn-Rückenmarks-Flüssigkeit von ge-

sunden Erwachsenen enthält normalerweise keine Erythrozyten und bis zu 5 Leukozyten

pro µl. Der Wechsel von der gesunden klaren und farblosen Erscheinung des CSF zu einer

veränderten Färbung und Trübung indiziert eine Liquordiagnose. Bei der Diagnostik zel-

lulärer Bestandteile ist nicht nur die Identifizierung des Erregers bedeutend, sondern auch

die Beurteilung der Leukozytenzahl und -arten über eine Zellzählung und Differenzierung

in der ansonsten zellarmen Gehirn-Rückenmarks-Flüssigkeit.

Die Liquordiagnostik für die Diagnose von bakteriellen Infektionskrankheiten beruht u.

a. auf der bakteriellen Differenzierung nach einer Kultivierung, wenn Bakterienzellen im

Ausstrichpräparat ersichtlich sind. Gegenwärtige CSF-Diagnostikmethoden basieren in

der Regel auf durchflusszytometrischen Analysen [126–128] und morphologischer Analyse,

falls notwendig, nach einer Färbung von spezifischen Strukturen in fixierten Zellen [129].

Mittels Durchflusszytometrie können zwar Proben auch geringer Zellzahlen [130] bis auf

das Niveau einzelner B- und T-Lymphozyten-Typen analysiert werden, allerdings nur

mittels Immunophänotypisierung, die ihrerseits Probleme bereiten kann. Beispielsweise

können dabei zu hohe Antikörperkonzentrationen zu vermehrter unspezifischer Färbung

führen, zu geringe Konzentrationen hingegen zu einer nichtquantitativen Markierung vor-

handener Epitope [131]. Auch eine hohe Autofluoreszenz der Zellen kann störend wirken.

Verzichtet man auf die Immunofluoreszenztechniken bei der Durchflusszytometrie, ist die

Befundlage rein auf morphologischen Eigenschaften des Zellbildes einer CSF-Probe nicht

eindeutig: Hier kann eine granulozytäre Pleozytose (erhöhte Granulozytenzahl) für ein

bakterielles Geschehen sprechen, jedoch findet sich dieser Befund auch bei Parasiten (Eo-

sinophilie) oder in der Akutphase viraler Entzündungen wieder [132]. Weitere Hauptpro-

bleme der labormedizinischen Diagnostik sind eine geringe Sensititivität (Gram-Färbung

von Mikroorganismen korreliert mit der bakteriellen Konzentration) [133–135] und ei-

ne begrenzte Spezifität (bei malignen Blutzellen). Durch die Notwendigkeit einer hohen

Zellzahl ist eine Anreicherung von bestimmten Zellpopulationen durch Kultivierung unab-

dingbar (Mikroorganismenkultivierung, klonale Anreicherung von Blutzellen) [136]. Wei-

tere Schwierigkeiten der CSF-Diagnostik bestehen in der Abhängigkeit von der manuellen
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CSF-Zytologie, die für die quantitative und qualitative Analyse von Blutzellen notwendig

ist. Diese basiert auf der individuellen Variabiltät der Untersucher und einer hohen Perso-

nalbindung. Diese Faktoren stellen eine Beschränkung einer schnellen Identifizierung dar

und können zu einer Therapieverzögerung führen.

Zur Überwindung dieser diagnostischen Komplikationen stellt die Mikro-Raman-Spektros-

kopie einen alternativen, verlässlichen methodologischen Ansatz für eine schnelle Charak-

terisierung und Differenzierung von biologischen Systemen dar. Die Raman-Spektroskopie

kann zur Erforschung von einzelnen Zellen bzw. Makromolekülen mit einer räumlichen

Auflösung im Submikrometerbereich herangezogen werden, da diese sogenannte finger-

print-Informationen über die chemische Zusammensetzung und Strukur im subzellulären

Bereich liefert. Erste Raman-spektroskopische Untersuchungen an Körperzellen können ei-

ne Differenzierung zwischen Zellplasma und Zellkern an eosinophilen Granulozyten aufzei-

gen [137]. Auf Grundlage der Mikro-Raman-Spektroskopie wurden Imaging-Experimente

erfolgreich in vielen Studien zur Aufklärung biologischer Prozesse durchgeführt, um Aus-

sagen über die Verteilung und Zusammensetzung von Biomolekülen in noch lebenden

Blutzellen treffen zu können [138–143]. Weiterhin sind mittels resonanter Mikro-Raman-

Spektroskopie und Mapping-Experimenten intrazelluläre Reaktionen basierend auf dem

NADPH-Oxidase-System in neutrophilen Granulozyten als Reaktion auf äußere Stimuli

studiert worden [142, 144–148]. Durch verschiedene SERS-Imaging-Experimente können

diverse Zielkomponenten in lebenden Einzelzellen verfolgt werden [149,150].

Im Rahmen des DFG-Projektes PO 563/7-1 ’Raman-spektroskopische Differenzierung

und Identifizierung körpereigener Zellen und Mikroorganismen im Liquor für die medi-

zinische Diagnostik’ liegt der Schwerpunkt in der Entwicklung einer neuartigen Raman-

spektroskopischen Analysemethode zur Erforschung von zellulären Bestandteilen in der

Gehirn-Rückenmarks-Flüssigkeit bei bakterieller Meningitis. Dieses Verfahren soll eine

rasche und zuverlässige Identifizierung von darin enthaltenen einzelnen Zellen wie Bak-

terien und Blutzellen auf Einzelzellniveau ermöglichen, die möglichst zeitnah zur Pro-

bennahme der Gehirn-Rückenmarks-Flüssigkeit erfolgen sollte. In enger Zusammenarbeit

mit Prof. Dr. Thomas Deufel und Dr. Dr. Michael Kiehntopf vom Institut für Klini-

sche Chemie und Laboratoriumsdiagnostik am Universitätsklinikum Jena und Prof. Dr.

Eberhard Straube aus dem Institut für Medizinische Mikrobiologie werden spektrosko-

pische Methoden weiterentwickelt bzw. die Grundlagen innovativer Techniken erforscht,

die zu einer schnellen und zuverlässigen Identifizierung einzelner Bakterien- bzw. Blut-

zellen befähigt sind. Damit schwingungs-spektroskopische Methoden zur Differenzierung

von Blutzellen aus dem CSF bei bakterieller Meningitis eingesetzt werden können, ist
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zunächst ein Schwerpunkt dieser Arbeiten, die räumliche Verteilung und Lokalisierung

der Inhaltsstoffe in Blutzellen mittels Mikro-Raman-Spektroskopie aufzuklären. Weiterhin

wird über molekulare Informationen eine Charakterisierung der chemischen Zusammen-

setzung der zellulären Bestandteile vorgenommen. Im Rahmen dieser Forschungsarbeiten

wird eine Kartierung mittels nicht-resonanter Raman-Mapping-Experimente bei einer An-

regungswellenlänge von 532 nm auf zellulärer Ebene an einzelnen Leukozyten in Mikrome-

terauflösung durchgeführt. Da die Gehirn-Rückenmarks-Flüssigkeit nur wenige zelluläre

Komponenten enthält, erfolgt mittels Zytozentrifugation eine Zellanreicherung. Abb. 1

(A) in [MH7] zeigt ein Mikroskopbild von Blutzellen, die durch Zytozentrifugation auf

einen Quarzträger aufgetragen worden. Durch Vergleich der morphologischen Zellformen

mit den in Abb. 1 (B) in [MH7] dargestellten Raman-Spektren verschiedener Blutzellen

wird deutlich, dass keine eindeutige Zuordnung der Blutzelltypen in Erythrozyten und

Leukozyten bzw. Leukozytenuntergruppen möglich ist. In der routinemäßig eingesetzten

CSF-Diagnostik erfolgt die Differenzierung der verschiedenen Leukozytensubtypen mit-

tels Pappenheim-Färbung über Form und Größe der angefärbten Granula (Abb. 2 (A)

in [MH7]). Allerdings wird das Raman-Signal der Blutzellen von der Fluoreszenz der

eingesetzten Farbstoffe überdeckt (Abb. 2 (B) in [MH7]). Um die Blutzellen sensitiv und

selektiv in ihrer biologischen Umgebung zu lokalisieren und zu erforschen, wird die Fluores-

zenzmarkierung in Kombination mit der Mikro-Raman-Spektroskopie angewendet. Diese

Technik eröffnet das einzigartige Potential einer exakten und schnellen Zellidentifizierung

von einer an sich zellarmen Gehirn-Rückenmarks-Flüssigkeit. Durch die Verwendung fluo-

reszenzmarkierter Antikörper ergibt sich die Möglichkeit, mit einem hohen Grad an Spe-

zifität in einer Menge nicht fluoreszierender Zellen, spezifische Blutzellsubtypen direkt zu

lokalisieren und zu identifizieren (Abb. 3 in [MH7]), während die Raman-Spektroskopie

zusätzlich noch molekülspezifische fingerprint-Informationen enthält. In diesem Zusam-

menhang werden in einem ersten Schritt aus Vollblut isolierte Blutzellen als Modellsystem

charakterisiert, die mit einem am Fluoreszenzfarbstoff FITC (Fluoreszeinisothiocyanat)

gekoppelten Antikörper anti-CD15 markiert sind. Zielstellung liegt hierbei in der Er-

forschung von entscheidenden methodologischen Parametern bezüglich der Auswahl an

fluoreszenzgefärbten Antikörpern, um eine spezifische Markierung diverser Blutzelltypen

in Kombination mit der Raman-Spektroskopie zu ermöglichen. Diese Ergebnisse sollen

dann auf die native CSF-Umgebung übertragen werden. Abb. 4 (A) und (B) in [MH7]

stellt ein Hellfeldbild mit dem entsprechenden Fluoreszenzbild von, mit anti-CD15 An-

tikörper und FITC-konjugierten, markierten Leukozyten dar. Diese Leukozyten wurden

zuvor durch die Behandlung mit einem Lysepuffer, der die Lyse von Erythrozyten be-

wirkt, aus Vollblut isoliert. Ein Vergleich der entsprechenden Raman-Spektren (Abb. 4
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(C) in [MH7]) zeigt, dass die Raman-Spektren abhängig von der ausgewählten Messpo-

sition sind, d. h. man erhält unterschiedliche Raman-Spektren, je nachdem ob man die

Zelle im Zentrum bzw. am Rand anvisiert. Es hat sich herausgestellt, dass die Raman-

Spektren unabhänig davon sind, ob die Zellen fluoreszenzmarkiert sind oder nicht; man

erhält ähnliche Raman-Spektren bei Verwendung des mit FITC konjugierten Antikörpers

anti-CD15. Durch Vergleich des Raman-Spektrums des reinen FITC-gekoppelten anti-

CD15 Antikörpers mit dem Mittelwert-Raman-Spektrum von fluoreszenzmarkierten Leu-

kozyten (Abb. 5 in [MH7]) wird deutlich, dass dieser das Raman-Spektrum von fluores-

zenzmarkierten Zellen nicht überlagert oder störend beeinflusst.

In einem weiteren Schritt werden Blutzellen untersucht, die aus der nativen Umgebung

- der Gehirn-Rückenmarks-Füssigkeit - isoliert worden sind (Abb. 6 (A) in [MH7]). Es

kann gezeigt werden, dass die aus Proteinen und Salzen bestehende CSF-Matrix die

Anwendbarkeit der Raman-Spektroskopie nicht störend beeinflusst. Durch die Raman-

spektroskopische Zellkartierung in lateraler und axialer Richtung kann die räumliche

Verteilung von verschiedenen Makromolekülen wie DNA/RNA, Proteinen bzw. Lipiden

(Abb. 6 (B) und (C) in [MH7]) innerhalb der Zellen visualisiert und aufgeklärt werden.

Abb. 6 (D) in [MH7] zeigt deren rämliche Verteilung anhand von Falschfarbenbildern,

die durch Integration über die Raman-Intensitäten der Marker-Banden von DNA/RNA,

Protein bzw. Lipiden berechnet worden. Da diese Marker-Banden oft durch Überlagerung

von anderen Signalen nicht unbedingt so deutlich ausgeprägt sind, wie in Abb. 6 (C)

in [MH7] dargestellt, werden multivariate statistische Datenanalysemethoden zusätzlich

zur Auswertung herangezogen. Mit Hilfe zweier unüberwachter chemometrischer Klas-

sifizierungsverfahren, der hierarchischen Clusteranalyse (Abb. 7 (D) in [MH7]) und der

Hauptkomponentenanalyse (Abb. 7 (E) in [MH7]), kann eine Differenzierung zwischen

sub-mikroskopischen Komponenten innerhalb einer einzelnen Blutzelle, am Beispiel von

Granulozyten, vorgenommen werden.

Im Rahmen dieses Projektes wird ein neuer Ansatz zur Analyse von einzelnen, aus der

Gehirn-Rückenmarks-Flüssigkeit isolierten Blutzellen gezeigt, bei dem einmalig die simul-

tane Anwendung der Raman-Spektroskopie nach vorangegangener spezifischer Fluores-

zenzmarkierung an derselben Probe vereint ist. Diese Methode eröffnet ein neuartiges

Potential zur Gewährleistung einer korrekten und schnellen Identifizierung von während

einer bakteriellen Meningitis im CSF vorkommenden Blutzellen, das als biomedizinischer

Assay in der klinischen Diagnostik Anwendung finden kann. [MH7]

Die verschiedenen Subtypen von Blutzellen varriieren in ihrer Zusammensetzung an sub-

zellulären Bestandteilen wie Proteinen, DNA/RNA, Kohlenhydraten, Lipiden oder der
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Anwesenheit von endogenen Farbstoffen. Aus diesem Grund sollte es bei zukünftigen For-

schungsarbeiten möglich sein, mit Hilfe der Raman-Spektroskopie und chemometrischer

Datenanalyse zwischen einzelnen Blutzellsubtypen durch Vergleich mit Raman-Spektren

in einer Datenbank unterscheiden zu können. Aufgrund der subzellulären Heterogenität

ist es nicht ausreichend, eine Blutzelle analog zu einzelnen Bakterienzellen mit einem ein-

zigen Raman-Spektrum zu charakterisieren. Es müssen vielmehr alle möglichen Raman-

Spektren bezüglich der vorhandenen subzellulären Strukturen in der Datenbank hinter-

legt sein. Hierbei ist es angedacht, weitere fluoreszenzmarkierte Antikörper zur Erfas-

sung von diversen Blutzellsubtypen, wie Monozyten oder Lymphozyten, zu testen bzw.

um eine Aussage über zusätzliche Parameter, wie beispielsweise den Aktivierungsgrad

von Granulozyten, treffen zu können. Bei letzterer Anwendung bietet sich für zukünftige

Untersuchungen insbesondere von neutrophilen, eosinophilen und basophilen Granulozy-

ten, eine Anregungswellenlänge von 414 nm zur Durchführung von Resonanz-Raman-

Mapping-Experimenten an, da die in diesen Zellen lokalisierten Hämoproteine in diesem

Wellenlängenbereich Absorptionsmaxima besitzen. Des Weiteren müssen die gefundenen

methodologischen Parameter auf das Zielsystem, den im CSF auffindbaren Zellen, über-

tragen werden, die es ermöglichen mit einem geeigneten chemometrischen Klassifizierungs-

algorithmus unbekannte Zellen zu identifizieren.

1.2.3 UV-Resonanz-Raman-spektroskopische Klassifizierung von

Blutplasmaproben für die medizinische Diagnostik

Bei verschiedenen Krankheiten ist die Proteinzusammensetzung im Blutplasma verändert.

Daher bietet die relative Quantifizierung von Blutplasmabestandteilen die Möglichkeit,

Informationen über neue diagnostische und prognostische Faktoren zu erhalten. Ziel die-

ser Arbeit ist die Evaluierung eines neuen Verfahrens zur medizinischen Diagnose von

entzündungsassoziierten Erkrankungen mittels Blutplasmaproben zwischen Gesunden und

Kranken mit thrombotischer Mikroangiopathie (TMA) [151–153]. Nach bisherigem Wis-

sensstand besteht bei Patienten mit entzündungs-assoziierten Gerinnungsstörungen, wie

der thrombotischen Mikroangiopathie, eine deutliche Veränderung in der Konzentrati-

on, Aktivität bzw. allgemein in der molekularen Zusammensetzung von aus Multimeren

aufgebauten Gerinnungsproteinen. Man findet bei an TMA erkrankten Personen von Wil-

lebrand Faktor (VWF)-Multimere [154] mit erhöhtem Molekulargewicht vor. Momentan

wird durch Studien die Evaluation der abgestimmten Balance zwischen dem multimeren
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Akutphase-Protein von Willebrand Faktor und dessen inaktivierenden Enzyms in den

Brennpunkt des Interessens gelegt [155–160]. Allerdings benötigen gegenwärtige Diagno-

semethoden zur Bestimmung der Multimerzusammensetzung des VWFs mittels elektro-

phoretischer Trennung und Immunoblotting-Technik bis zu mehreren Tagen [161, 162].

Somit sind diese Methoden für ein therapeutisches Monitoring ungeeignet. Weiterhin ist

die Vergleichbarkeit und Reproduzierbarkeit dieser Methoden unzureichend [163]. Um um-

gehend einen therapeutischen Plasmaaustausch einleiten zu können, sind daher schnellere

und zuverlässige Diagnosemethoden erforderlich.

Schwingungs-spektroskopische Diagnosemethoden erlangen als vielversprechende Alter-

nativmethoden bei der routinemäßigen klinischen Analyse von verschiedenen Körper-

flüssigkeiten immer mehr an Bedeutung. So können die Zusammensetzung und/oder die

Konzentration von diversen Markersubstanzen wie Glukose, Triglyceriden oder Proteinen

bestimmt werden, um daraus Rückschlüsse auf den Gesundheitszustand des Probanden

ziehen zu können. Die qualitative und quantitative Ermittlung der Zusammensetzung ver-

schiedener Biomoleküle bzw. die Klassifizierung zwischen gesunden und kranken Patienten

erfolgt anhand der spektrochemischen Daten aus Urin-, Serum- oder Blutplasmaproben

basierend auf der IR- [87,88,164,165] oder Raman-Spektroskopie mit Anregung im nahen

infraroten Spektralbereich [26,29,30,60].

Im Rahmen dieses Forschungsprojektes mit Dr. Ralf Claus von der Klinik für Anästhesio-

logie und Intensivtherapie des Universitätsklinikums Jena wird ein neues, auf der Raman-

Spektroskopie beruhendes, Verfahren zur Blutplasmaanalyse vorgestellt. Zielstellung liegt

in der Erforschung einer Methode, um eine schnelle, zeitnahe Diagnose einer Gerinnungs-

störung zu gewährleisten, die eine Abgrenzung zu auf einer Infektion beruhenden Krank-

heit, wie Sepsis, ermöglicht bzw. die zum therapeutischen Monitoring dieser Erkrankun-

gen dienen kann. In dieser Studie werden erstmals kryopräzipitierte Blutplasmaproben

von gesunden Spendern und Patienten mit thrombotischer Mikroangiopathie mit Hil-

fe der Resonanz-Raman-Spektroskopie mit einer Anregung im UV-Wellenlängenbereich

charakterisiert. Aufgrund der Anwesenheit von hoch aktiven Markerproteinen, den von

Willebrand Faktor-Multimeren in Patientenproben, erfolgt eine Klassifizierung von Kran-

ken und Gesunden. Die Kryopräzipitation stellt ein gängiges Verfahren zur Anreicherung

von VWF-Multimeren in den Blutplasmaproben dar [166, 167]. VWF-Multimere können

durch die Raman-Anregung im tiefen UV-Wellenlängenbereich sensitiv und selektiv in

ihrer biologischen Umgebung erforscht werden. Die dafür genutzte Wellenlänge von 244
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nm des frequenzverdoppelten Argon-Ionen-Lasers liegt im Bereich der starken, elektro-

nischen Absorptionsbanden von aromatischen Aminosäuren der untersuchten Makromo-

leküle. Diese UV-Anregungswellenlänge führt neben der Resonanzverstärkung dieser Mo-

leküle auch zu einer erheblichen intrinsischen Verstärkung der Streuintensität, wodurch

eine selektive Verstärkung von Proteinschwingungen erfolgt. UV-Laserstrahlung besitzt ei-

ne relativ hohe Energiedichte, wodurch biologische Proben sehr leicht photochemisch bzw.

photothermisch zerstört werden können. Um diese photochemische Zerstörung der Pro-

be zu unterbinden bzw. zu minimieren, wird die Probe während der Messung gegenüber

dem Laserstrahl verschoben. In Abb. 2 in [MH8] ist der Einfluss der Spektrenqualität in

Abhängigkeit der Stärke der Probenverbrennung dargestellt. Da sich mit zunehmender

Verbrennung der Probe das Signal-Rausch-Verhältnis entscheidend verschlechtert, wird

die Notwendigkeit der kontinuierlichen Probenverschiebung gegenüber dem Laserstrahl

während der Messung ersichtlich. In Abb. 1 in [MH8] sind UVRR-Spektren von Blutplas-

makryopräzipitaten gesunder Spender und von Kranken mit TMA dargestellt, die spek-

trale Unterschiede in der relativen Intensität diverser Raman-Banden aufweisen. Durch die

Vermessung von in Kryropräzipitaten in erhöhter Konzentration vorkommender Plasma-

komponenten (VWF, Faktor VIII, VWF-Faktor VIII-Komplex, Fibrinogen) (Abb. 3 (A)

in [MH8]), sowie verschiedenen aromatischen Aminosäuren (Abb. 2 (B) in [MH9]), endoge-

nen Farbstoffen (Abb. 4 (A) in [MH8]) und Lipoprotein (Abb. 4 (B) in [MH8]), können die

Zusammensetzung sowie Unterschiede in den Raman-Spektren von Gesunden und Kran-

ken bestimmt werden. Aufgrund der hohen Sensitivität dieser Methode war es möglich,

durch die Detektion von erhöhten Anteilen an Lipoproteinen bei gewissen Proben von

Gesunden, Präparationsfehler aufzudecken (Abb. 3 in [MH8]). Aufgrund der Komplexität

der UV-Resonanz-Raman-Spektren von gesunden Spendern und an thrombotischer Mi-

kroangiopathie erkrankten Patienten können durch multivariate Klassifikationsmethoden,

der hierarchischen Clusteranalyse (Abb. 5 in [MH8]) und der Hauptkomponentenanlyse

(Abb. 4 (B) in [MH9]), eine effektive und spezifische Differenzierung zwischen Gesunden

und Kranken vorgenommen werden, womit diese Methode ein aussichtsreiches Werkzeug

für therapeutisches Monitoring darstellt.

In dieser Studie wird gezeigt, dass sich die UV-Resonanz-Raman-Spektroskopie zur Ana-

lyse von Blutplasma und darin enthaltenen Bestandteilen als eine innovative Methode

ohne komplexe und aufwändige prä-analytische Prozeduren darstellt. Am Beispiel einer

entzündungsassoziierten Erkrankung von Patienten mit einer thrombotischen Mikroan-

giopathie kann mittels chemometrischer Datenanalysemethoden, wie der hierarchischen

Clusteranalyse oder Hauptkomponentenanalyse, eine Differenzierung zwischen gesunden

Spendern und im Allgemeinen von Patienten mit einer Entzündung vorgenommen werden.
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Zukünftige Forschungen zielen darauf ab, Patienten mit einer systemischen Entzündungs-

reaktion SIRS (engl.: systemic inflammatory response syndrome) zu identifizieren. Hierbei

ist das Ziel durch das Aufstellen einer Referenzdatenbank und die Verwendung einer über-

wachten Klassifizierungsmethode, eine unbekannte Probe anhand des Klassifizierungsmo-

dells nicht nur als gesund oder erkrankt einzustufen. Vielmehr soll das Stadium einer

entzündungsassozierten Erkrankung festgestellt werden. Folglich wäre eine therapeuti-

sche Überwachung bzgl. Medikamentenwirkung durchführbar. Diese Datenbank kann mit

zusätzlichen, aus elektrophoretischen Methoden gewonnenen Daten, ergänzt werden, um

die Sicherheit der Diagnose zu erhöhen. Des Weiteren gibt es die Möglichkeit die Daten-

bank mit Referenzdaten, von auf einer Infektion beruhenden Krankheit, wie Sepsis, zu

erweitern. Ziel hierbei ist es, anhand dieser Referenzdatenbank neben der Feststellung

des Stadiums der Krankheit, eine Abgrenzung bezüglich SIRS und zusätzlicher Betei-

ligung von Mikroorganismen (z. B. bei Blutvergiftung (Sepsis)) vorzunehmen. Da sich

beide Krankheitsgeschehen durch ähnliche klinische Symptome wie Fieber, Tachykardie,

Tachypnoe und Leukozytose auszeichnen, und somit eine Blutvergiftung mit gegenwärtig

eingesetzen Methoden oft zu spät diagnostiziert wird (Letalität von bis zu 50% [168]),

wäre dies ein wichtiger Schritt in der Sepsisdiagnostik. [MH8, MH9]

1.2.4 Minimal-invasive Geschlechtsbestimmung von Vögeln mit-

tels UV-Resonanz-Raman-Spektroskopie

Eine weitere Anwendung der UV-Resonanz-Raman-Spektroskopie kann, aufgrund der

erhöhten Selektivität und Sensitivität für Protein- und DNA/RNA-Schwingungen, ne-

ben der Identifizierung von verschiedenen Gesundheitszuständen, in der minimal-invasiven

Identifizierung des Geschlechts von Vögeln bestehen. Die Bestimmung des Vogelgeschlechts

ist bei Vogelzüchtern für die Schaffung von Brutpaaren oder Schwärmen wichtig, um eine

erfolgreiche Vogelvermehrung bzw. Züchtung zu gewährleisten. Für die Geflügelindustrie

ist die Feststellung des Vogelgeschlechts aufgrund unterschiedlicher Fütterungsgewohnhei-

ten aus ökonomischen Gründen entscheidend. Im Gegensatz zu Säugetieren besitzen Vögel

keine äußerlich sichtbaren Geschlechtsorgane. In vielen Fällen ist eine Unterscheidung

zwischen männlichen und weiblichen Vögeln anhand sekundärer phänotypischer Merkma-

le, wie beispielsweise morphologischer Unterschiede über die Körpergröße, Stirnhöcker,

Gefiederfärbung oder Federlänge möglich, bwz. kann diese anhand verschiedener Verhal-

tenscharakteristika, wie dem Paarungsverhalten oder Stimm- und Lautbildung, getroffen
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werden. In nicht seltenen Fällen bereitet diese Entscheidung jedoch Schwierigkeiten bzw.

eine Geschlechtsbestimmung kann speziell im embryonalen Stadium, bei jungen Vögeln

oder bestimmten Vogelarten gar nicht oder zumindest nicht zuverlässig vorgenommen

werden. Bei Vogelarten, bei denen sich männliche von weiblichen Vögeln nur marginal

unterscheiden, kommen molekulargenetische [89,90] oder endoskopische Verfahren [91,92]

zum Einsatz. Bei diesen Verfahren erfolgt eine Blutabnahme bzw. die Tiere müssen zuvor

betäubt werden, was einerseits zusätzlichen Aufwand erfordert, andererseits sind die Tiere

bei dieser Behandlung einer extremen Stresssituation ausgesetzt.

Ein vielversprechender, schonender Ansatz stellt die UV-Resonanz-Raman-Spektroskopie

dar, die eine minimal-invasive Geschlechtsbestimmung von Vögeln anhand einer im Wachs-

tum befindlichen Feder ermöglicht. Diese neuartige Methode wurde in Kooperation mit

Dr. Thomas Bartels von der Klinik für Vögel und Reptilien der Universität Leipzig für

die Vogelart des Haushuhns (Gallus gallus domesticus) erforscht. Da männliche im Ver-

gleich zu weiblichen Hühnern eine um etwa 2% höhere DNA-Menge aufweisen [169],

ist die UVRR-Spektroskopie aufgrund der Sensitivität und Selektivität für DNA- und

Proteinschwingungen eine geeignete Methode. Das im Federkiel enthaltene Zellmaterial

wird auf einem geeigneten Träger ausgedrückt. Die Untersuchungen erfolgen mit einer

Raman-Anregungswellenlänge von 244 nm. Zur Minimierung der photochemischen bzw.

-thermischen Zerstörung der Probe aufgrund der hohen Energiedichte von UV-Strahlung

wird die Probe während der Einwirkung des Laserstrahls zur Raman-Spektren-Aufnahme

bewegt.

In dieser Studie wird gezeigt, dass die UV-Resonanz-Raman-Spektroskopie einen geeigne-

ten minimal-invasiven Ansatz zur zuverlässigen Geschlechtsbestimmung von Vögeln, spe-

ziell für das Haushuhn, ohne aufwändige Probenpräparation darstellt. Abb. 1 in [MH10]

zeigt ein Schema der Prozedur. Durch die Vermessung von in einer Feder enthaltenen

proteinogenen und DNA-haltigen Bestandteilen (Abb. 3 in [MH10]) kann die Zusam-

mensetzung der Federpulpaextrakte charakterisiert werden und eine qualitative Beurtei-

lung bezüglich der Geschlechtsunterschiede in den Raman-Spektren vorgenommen wer-

den. Tab. 1 in [MH10] enthält eine Übersicht zur Raman-Bandenzuordnung. In Abb. 2 in

[MH10] sind Mittelwert-UVRR-Spektren von männlichen und weiblichen Federpulpaex-

trakten dargestellt. Die Gegenüberstellung mit dem Differenz-Spektrum veranschaulicht

die minimalen Unterschiede in den UVRR-Spektren beider Geschlechter. Es zeigt sich,

dass die größten Abweichungen im Bereich von 1450 bis 1650 cm−1 liegen. Um die Un-

terschiede in den Resonanz-Raman-Spektren von männlichen und weiblichen Federpul-

paextrakten zu analysieren, erfolgt eine Geschlechtsdifferenzierung mittels verschiedener
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statistischer Klassifikationsalgorithmen. Unter Verwendung eines überwachten Klassifika-

tionsverfahrens, der Support-Vektor-Maschine, können anhand des berechneten Klassifi-

kationsmodells alle Spektren bzw. zu klassifizierende unbekannte Proben, zu 95% dem

entsprechenden Geschlecht korrekt zugeordnet werden. (Tab. 2 und 3 in [MH10])

Zur Feststellung von entscheidenden spektralen Bereichen, die zur Geschlechtsdifferen-

zierung relevant sind, erfolgt eine Hauptkomponentenanalyse. Das dreidimensionale Dia-

gramm des PCA-Scores-Plot der ersten drei Hauptkomponenten ist in Abb. 4 in [MH10]

dargestellt. 83% der Datensatzvariation können durch die ersten drei Hauptkomponenten

beschrieben werden. Diese drei Hauptkomponenten sind für eine zuverlässige Unterschei-

dung zwischen männlichem und weiblichem Federpulpamaterial des Haushuhns ausrei-

chend. Wie in Abb. 4 in [MH10] ersichtlich, streuen die zwei Raman-Spektren-Gruppen

der Federpulpaextrakte der Männchen und Weibchen sehr und überlagern sich teilweise.

Als mögliche Ursachen können Variationen in der Zusammensetzungen der relativen DNA-

und Proteinmenge, sowie infolge der Probenpräparation stark untereinander abweichen-

de Probeninhomogenitäten festgestellt werden (Abb. 5 (A) in [MH10]). Weiterhin erfolgt

trotz Probenverschiebung unter dem Laserstrahl durch die UV-Licht Bestrahlung eine Ver-

brennung und somit photochemischen Zerstörung der Probe (Abb. 5 (B) in [MH10]). Diese

Faktoren führen zu einer Verschlechterung des Signal-Rausch-Verhältnises der Raman-

Spektren und somit sind beide Geschlechter im Scores-plot nicht eindeutig voneinander

abgrenzbar. Anhand der in Abb. 6 in [MH10] dargestellten Ladungsplots können 13, für ei-

ne Geschlechtsbestimmung entscheidende, Spektralbereiche zwischen 1660 und 1336 cm−1

identifiziert werden. Die in diesem Bereich auftretenden Raman-Banden resultieren nicht

nur von reinen DNA-Signalen, sondern ergeben sich aus einer Überlagerung von Protein-

und DNA-Signalen.

Diese Studie zur Geschlechtsbestimmung von Vögeln zeigt die einzigartige Kapazität der

UVRR-Spektroskopie, die sich im Gegensatz zu herkömmlich eingesetzten Methoden da-

durch auszeichnet, dass diese durch die Analyse einer im Wachstum befindlichen Feder

nur minimal-invasiv sowie einfach zu realisieren ist. Zukünftige Forschungen im Rahmen

dieses Projektes zielen auf eine Erweiterung der UV-Resonanz-Raman-spektroskopischen

Referenzdatenbank ab, so dass außer dem Haushuhn weitere Vogelarten wie das Trut-

huhn (Meleagris gallopavo) oder verschiedene Großpapageienarten bzgl. des Geschlechts

einfach und schnell klassifiziert werden können. Im Zuge des Projektes soll ein Schwer-

punkt auf die Geschlechtsbestimmung von jungen Vögeln in der Geflügelindustrie gelegt

werden. Hierbei ist das Ziel, die Genauigkeit der Geschlechtsbestimmung in dem Be-

reich der kommerziellen Akzeptanz von 98.5% zu erhöhen. Hauptaugenmerk soll hierbei
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auf einer Optimierung der Probenpräparation und Vermessung der Proben liegen, die es

ermöglicht noch homogenere und weniger durch Photodegradation beeinträchtigte Spek-

tren zu erzeugen. Eine Erweiterung der Methode, um das Geschlecht der Tiere bereits am

Ei festzustellen, ist auch denkbar. Damit ließe sich das routinemäßige Töten männlicher

Küken im Rahmen der Legehennenzucht vermeiden. [MH10]
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Abstract

We report on the great advantages of using deep UV Raman system for in situ planetary applications. Among them are to be mentioned: (I)
higher scattering efficiency compared to VIS–IR Raman excitation wavelengths, (II) electronic resonance effects which increase the intrinsically
weak Raman signal thus improving the S/N ratio of the detected Raman signals and (III) spectral separation of Raman and fluorescence signals.

All these advantages are making UV Raman a valuable technique for in situ planetary applications. Mineral as well as biological samples were
analyzed using Raman deep UV excitation and the results are presented. For the mineral samples a comparison with excitation in the NIR–VIS
spectral regions is made. The impact of fluorescence on Raman data acquisition at different laser excitation wavelengths is assessed. Making use
of the resonance effects, spectra of microorganisms were recorded with a high S/N ratio, allowing afterwards a very precise identification and
classification (to the strain level) of the measured samples.
© 2007 Elsevier B.V. All rights reserved.

Keywords: UV Raman spectroscopy; Meteroites; Microorganism

1. Introduction

Raman spectroscopy [1] is a powerful method used to
determine the complete chemical composition of unprepared
surfaces. This method is equally well suited and applicable for
the detection of minerals, organic substances, and water. This
qualifies Raman spectroscopy as a valid technique for space
applications. A Raman instrument can contribute to resolving
various questions in the field of planetary research [2–8], e.g.,
the search for signs of extinct and/or extant life on Mars as
well as to identify hazards for future human missions. The
search for extant life needs to look for traces of sugars, phos-
pholipids, amino acids, nucleotides (ATP/ADP). The search for
extinct life, on the other hand, requires looking for organic
residuals of biological origin like fossils or related geochemical
and mineralogical bio-signatures. The envisaged future plane-

∗ Corresponding author.
E-mail address: juergen.popp@uni-jena.de (J. Popp).

tary missions require space-born instruments, which are highly
miniaturized and which require as little power as possible.
Space-born Raman spectrometers fulfilling these characteristics
have been developed in the past years [9–13] for future Mars
missions.

Raman scattering is a very inefficient process with roughly
one in 107 scattered photons carrying the needed information.
The Raman signal yield and the gained information can be maxi-
mized by carefully choosing the excitation laser wavelength in a
normal Raman experiment. Raman scattering is only one of sev-
eral other physical processes that might take place when light
interacts with matter. Some of these processes compete with
the Raman process (e.g., absorption) or/and are interfering with
the detection of the weak Raman signal (e.g., fluorescence). To
avoid the problem of fluorescence, two approaches are normally
used. One is to lower the energy of the incoming photon such
that the excitation of the molecule in an electronic state does
not take place. Therefore the wavelengths of the laser used for
excitation lie in the NIR region of the spectrum (from 785 nm
up to 1064 nm). With this approach for most of the samples

1386-1425/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.saa.2007.06.051
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(especially the biological samples) the fluorescence excitation
is avoided. Avoiding fluorescence in this way for the miner-
als does not prove to be very efficient since in minerals there is
always a certain amount of rare-earth elements impurities which
do have the excited electronic levels at relatively low energies.

The second approach used for minimizing the interference
of fluorescence with the Raman signal is to use excitation
wavelengths in the deep UV region. At these wavelengths the flu-
orescence is excited but no fluorescence interference exists when
excitation is at wavelengths below about 250 nm [14]. A typical
Raman spectral range of 4000 cm−1 occurs in less than 30 nm
above the excitation wavelength at 250 nm. This provides com-
plete spectral separation of Raman and fluorescence emission
bands resulting in high signal to noise measurements.

In addition to having spectrally well-separated Raman and
fluorescence signals, if the Raman excitation occurs within an
electronic resonance band of a material then the scattering cross-
section can be highly improved. Diamond, nitrites and nitrates,
and many other organic and inorganic materials have strong
absorption bands in the deep UV and exhibit resonance enhance-
ment of Raman bands when excited in the deep UV [14]. This
resonance effect gives extraordinary results when biological
samples are to be investigated [14].

Although the Raman spectrum acts like a clear fingerprint for
mineral samples and simple organics, for bacterial identification
the Raman spectral fingerprint is ‘blurred’ by the overlapping of
Raman signals generated by all bacterial constituents. Conven-
tional bacterial identification methods currently used are based
on morphological evaluation of the microorganisms and their
ability to grow in various media under different conditions [15].
Depending on the type of bacteria, the identification process
may take at least one day but generally much longer [16,17].
Other analytical methods such as mass spectroscopy, poly-
merase chain reaction (PCR), flow cytometry, or fluorescence
spectroscopy were developed, which allow for a fast and reli-
able identification [15,16] but their application for remote based
instruments (e.g., in situ planetary science) is not readily possible
because of the miniaturization of equipment such a deployment
requires.

Vibrational spectroscopy of biological samples provides
information about the chemical composition of all cell com-
ponents. Naumann et al. [18–21] showed that IR and Raman
spectroscopy can be used to classify bacteria and yeasts. Due to
the high spatial resolution of approximately 1 �m micro-Raman
spectroscopy can be used both on bulk samples [22,23] and on
single bacterial cells [24,25]. For eukaryotic cells like yeast cells
line scans over the cells are necessary in order to overcome the
spatial heterogeneity of the cells [23,26].

In order to enhance the Raman signals a special technique, the
so-called surface enhanced Raman spectroscopy (SERS), with
various different SERS-substrates or SERS microchips in com-
bination with antibodies is also used for bacterial investigation
[27–30].

A different method of enhancing Raman signals is resonance
Raman spectroscopy. Using UV excitation direct investigation
of macromolecules such as DNA or proteins becomes possible
[31–35]. This allows for the measurement of microorganisms

with high reproducibility [36,37]. The first attempts of a UV-
resonance Raman spectroscopic identification were performed
on bacteria on a genera level [32] and of the bacillus group
[38].

In addition, when comparing the available Raman signal for
both cases of NIR and UV excitation an increase of approxi-
mately two orders of magnitude in the Raman scattered photons
can be obtained by moving from NIR (at 785 nm) to the UV
spectral region (248 nm). The Raman cross-section itself is
dependent on the excitation wavelength to the inverse fourth
power resulting in higher Raman intensity with shorter wave-
length laser excitation. The size of the sampling spot for
micro-Raman experiments is proportional to the wavelength of
the laser beam. A better spatial resolution for Raman mapping
experiments is achieved when the excitation laser has a shorter
wavelength.

All of these advantages make deep UV Raman spectroscopy
a valuable technique for planetary in situ applications. The tech-
nical readiness needed for implementing this approach into a
space-qualified instrument is currently under investigation and
the results are to be published. The MIRAS 2 project run by
the Institute of Chemical-Physics at the University of Jena and
Kayser-Threde GmbH in Munich and financed by the German
Space Agency is analyzing a possible instrument design for a
deep UV Raman spectrometer.

2. Materials and methods

The capabilities of deep UV Raman excitation were inves-
tigated for two different sample systems—mineral samples
(MARS meteorites) and biological systems (microorganisms).
For the mineral samples comparisons between deep UV Raman
excitation and excitation at other laser wavelengths were made
(excitation wavelengths used were 244, 257, 532, 633 and
830 nm). The microorganisms were investigated with only the
deep UV excitation using the Raman resonance effect for record-
ing spectra with a good S/N ratio. A good S/N ratio was needed
for a reliable automatic identification and classification of the
microorganisms using multivariate analysis.

2.1. Spectroscopic instrumentation

UV (for mineral samples) and UV-resonance (for biological
samples) Raman spectra were collected using a micro-Raman
setup (HR800, Horiba/Jobin-Yvon) with a focal length of
800 mm, a 40× anti-reflection coated objective (LMU UVB)
with a numerical aperture of 0.5 and a 2400 lines/mm grating.
The entrance slit was 150 �m wide. Excitation wavelength of
a frequency doubled line of an argon-ion laser (Innova 300,
FReD) at 244 nm was used. Raman-scattered light was detected
by a nitrogen-cooled CCD-camera with an accumulation time
set to 120 s. Samples were prepared as dried films on silica
plates according to the procedure described by Naumann et
al. [19,39] and rotated at 6 rpm, moving it in x, y-direction
after each rotation. For the x/y-scans the meteorites were
moved relative to the fixed laser spot with help of a motorized
stage.
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The comparative VIS/NIR Raman spectra on mineral sam-
ples were taken with a micro-Raman setup (HR LabRam,
Horiba/Jobin-Yvon, focal length of 800 mm, a 300-lines/mm
grating) equipped with an Olympus IX70 microscope, a video
camera, and an air-cooled CCD detector operating at 220 K.
A Nikkon LPlan SLWD 20×/0.35 objective focused the laser
light on the meteorites. Validation of the wavenumber axis was
performed by using the well known Raman signals from TiO2
(anatase). The excitation wavelengths are the 633 nm of a HeNe
laser, the 532 nm line of a frequency doubled Nd:YAG laser
(Coherent Compass) and the 830 nm of external cavity semi-
conductor laser (TEC100 Raman, Sacher Lasertechnik) were
used.

2.2. Mineral samples

The mineral samples studied are materials that are known to
contain compounds with strong fluorescence and are also of rel-
evance for space missions (i.e., measurements were performed
on three Martian meteorites: SAU 008, DAG 735 and Zagami).
The three meteorites are named after their find locations—Sayh
al Uhaymir in Oman, Dar Al Ghani in Libya, and Zagami in
Nigeria. The Zagami meteorite is the only observed to fall. The
finds SAU 008 and DAG 735 show some degree of terrestrial
alteration and secondary mineralization such as the formation
of calcite along cracks. Primarily, all three Martian meteorites
belong to the group of shergottites, i.e., they are basalts that are
mainly composed of pyroxenes (augite, pigeonite) and plagio-
clase with minor phosphates and opaques (ilmenite, chromite,
sulfide). In addition, SAU 008 and DAG 735 contain porphyric
olivine megacrystals. All three Martian meteorites are heavily
shocked, resulting in the complete conversion of crystalline pla-
gioclase into diaplectic glass, the so-called maskelynite. For
Raman measurement, the surfaces of these Martian meteorites
were polished. Five different laser wavelengths have been used
for excitation: 244, 257, 532, 633 and 830 nm. With each
wavelength, 441 Raman spectra were recorded from the same
200 �m × 200 �m area on each of the meteor’s polished cut.
By employing the point measurement technique and the point
counting procedure [4], the mineral phases on the surface of
the rock were identified. The measured spots were organized
in a 21 × 21 sampling matrix, with a sampling step size of
10 �m.

2.3. Microorganisms growing conditions

The microorganisms were chosen according to the conditions
present in clean rooms. The microorganisms Micrococcus luteus
(DSM 348 and 20030), Micrococcus lylae (DSM 20315 and
20318), Bacillus subtilis (DSM 10 and 347), Bacillus pumilus
(DSM 27 and 361), Bacillus sphaericus (DSM 28 and 396),
Escherichia coli (DSM 423, 426, 429, 498, 499, 501, 613, 1058,
2769 and 5208), Staphylococcus cohnii (DSM 6669, 6718, 6719
and 20260), Staphylococcus epidermidis (195 and 2682; DSM
1798, 3269, 3270 and 20042; ATCC 515 and 35984) and Staphy-
lococcus warneri (DSM 20036 and 20316) were purchased from
the “Deutsche Sammelstelle für Mikroorganismen und Zellkul-

turen” and from the Institut für Infektionsbiologie, Universität
Würzburg. They were cultivated on a standard or nutrition agar
(Micrococcus and Bacillus, E. coli) or CA or CASO (Staphylo-
coccus) at 30 ◦C for 1 day. The bacteria were harvested from the
agar plates washed twice in water and then dried in vacuum on
fused silica plates.

2.4. Multivariate analysis

The analysis of Raman spectra was performed in two steps.
First, the spectra were pre-processed. Second, a support vector
machine (SVM) was used for classification (for more details see
refs. [22,42]).

3. Results and discussion

3.1. Mineral samples

In order to be able to compare the wavelength dependent
Raman measurements with each other it has to be guaranteed
that exactly the same sample spots on the meteorites are inves-
tigated for all 5 Raman excitation wavelengths. Therefore we
used a special micro grid made out of a silicon wafer attached
above the meteorites. By doing so we were always able to
record Raman spectra within the same 200 × 200 �m fields.
Thereby these fields were scanned with a stepsize of 10 �m
leading to 441 measurement points for the investigated grid
field. This procedure was performed for all 5 Raman excita-
tion wavelengths (244, 257, 532 and 633 nm). For each Raman
scan the number of Raman spectra containing no information to
be used for a mineral analysis due to a strong fluorescence back-
ground or the appearance of no Raman bands was determined
[45]. Representative Raman spectra measured with different
laser excitation wavelengths on the three meteorite samples are
shown in Fig. 1. The amount of major mineral phases (pyrox-
ene, plagioclase, and olivine) as well as minor phases (ilmenite,
chromite, calcite, phosphates) was assessed. In general, the data
gathered with excitation at 244 and 257 nm show very low back-
grounds, which allows a good S/N ratio for recording of the
Raman features (Fig. 1). Each spectrum was evaluated with
respect to its content of useful information for a mineral anal-
ysis. The statistic of this evaluation is presented in Table 1.
For all three samples (DAG 735, SAU 008, and Zagami) the
same general behaviour is observed. The number of unsuccess-
ful measurements is smaller when employing excitation lasers
in UV. Also, the number of spectra that suffer from fluores-
cent background interference is significantly smaller when using
these wavelengths for Raman experiments. The reason for the
high number of failed measurements on Zagami when using
VIS–NIR excitation (∼50% in Fig. 2) is due to an extremely
fluorescent shock vein, which according to recent investiga-
tions is glassy [40,41]. Measurements with 244 and 257 nm laser
indicate a high contribution of feldspar component to the melt
vein.

It is observed that the spectra measured with excitation in
VIS and NIR are qualitatively worse than the ones measured
in UV. With excitation in visible–NIR region, most of the time
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Fig. 1. Representative Raman spectra measured with different laser excitation wavelengths (244, 257, 532, 633 and 830 nm) on the three meteorite samples (DAG
735, SAU 008 and Zagami).

the high fluorescence background is covering the Raman bands
that quickly saturate the detector, and does not allow for the
measurement of faint Raman features by using longer integration
time intervals.

3.2. Microorganisms

For chemotaxonomic identification of bacteria several
macromolecules, e.g., proteins, cytochromes and nucleic acids,
are widely used [43]. Among these macromolecules DNA is of
particular interest. Using Raman excitation wavelengths in the
ultraviolet region selectively enhances Raman signals of proteins
and DNA/RNA. Fig. 2 shows a UV-resonance Raman spectrum
of S. warneri DSM 20316. The signals can mainly be assigned to
DNA bases as well as aromatic amino acids. The C C stretching

vibration of the aromatic amino acids tyrosine (Tyr), tryptophan
(Trp) and phenylalanine (Phe) can be found at 1612 cm−1. In
addition, the ring breathing vibrations of Tyr arises at 1361 cm−1

and those of Trp and Phe at a broad band at 1010 cm−1. The com-
bined C C and C N stretching vibrations of guanine (G) and
adenine (A) are located at 1570 cm−1. The pyrimidin ring vibra-
tion of guanine and adenine gives rise to a very strong signal at
1481 cm−1. The signal of thymine can be found at 1361 cm−1.
A combination of adenine, thymine and tyrosine whereas the
combination of adenine, guanine and uracil exhibit broad bands
at approximately 1328 and 1230 cm−1, respectively.

Because the Raman signals of the DNA bases guanine, ade-
nine, cytosine and thymine as well as the RNA base uracil are
resonantly enhanced it is possible to correlate the UV-resonance
Raman spectra with the GC value [44]. The GC value is defined
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Table 1
Number of measurement points containing no useful information for the three
meteorites DAG 735, SAU 008 and Zagami

Number of points containing
no useful information

DAG 735
244 nm 26
257 nm 5
532 nm 436
633 nm 412
830 nm 438

SAU 008
244 nm 1
257 nm 0
532 nm 405
633 nm 304
830 nm 308

Zagami
244 nm 0
257 nm 4
532 nm 185
633 nm 344
830 nm 340

Fig. 2. UV-resonance Raman spectrum of S. warneri DSM 20316
(λex = 244 nm).

Fig. 3. UV-resonance Raman spectra of different bacterial strains
(λex = 244 nm).

as the ratio of guanine and cytosine to all DNA bases. The GC
value may range from 30% for Streptococcus species and to
over 70% for some Micrococcus species and can be used as
taxonomic criteria because it is species specific [43].

For the analysis, bacteria were measured as dried films on
fused silica plates. Because ultraviolet laser radiation may cause
photo degradation of the sample the incident laser intensity
should be kept to a minimum. In order to minimize sample dam-
age, the sample was rotated and simultaneously moved in x and

Table 2
Classification of bacterial UV-resonance Raman spectra (λex = 244 nm)

Name Number of
strains

Total number of
spectra

Number of wrong
classified strain spectra

Recognition rate
for strains (%)

Number of wrong
classified species spectra

Recognition rate
for species (%)

Bacillus pumilus 2 112 0 100 0 100
Bacillus sphaericus 2 95 1 98.8 0 100
Bacillus subtilis 2 97 0 100 0 100
Escherichia coli 10 271 8 96.4 0 100
Micrococcus luteus 2 107 0 100 0 100
Micrococcus lylae 2 64 0 100 0 100
Staphylococcus cohnii 4 111 0 100 0 100
Staphylococcus epidermidis 8 239 2 99.22 1 99.6
Staphylococcus warneri 2 54 0 100 0 100

34 1150 98.7 99.9
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y-direction. With this method approximately 105 bacterial cells
contribute to one UV-resonance Raman spectrum. This amount
of cells is comparable with a micro-colony after about 5 h of
cultivation.

Fig. 3 displays UV-resonance Raman spectra of different
strains from nine bacterial species. The excitation wavelength
was 244 nm and the integration time for each spectrum 120 s.
The UV-resonance Raman spectra mainly show signals from
DNA bases and additional from aromatic amino acids such as
phenylalanine, tryptophan or tyrosine. For a significant dataset,
1150 UV-resonance Raman spectra from nine species with 34
strains were recorded.

The classification was performed using a support vector
machine (SVM) with a non-linear RBF kernel (cost value
1 × 106; γ-value 5.1 × 10−7). The UV-resonance Raman spectra
were pre-treated by median filtering (9 pt) and vector normal-
ization. Table 2 displays the results of the classification. The
lowest average recognition rate on strain level can be found for
E. coli with 96.4%. The other species show much higher recog-
nition rates. For species level only Staphylococcus epidermidis
with an average recognition rate of 99.6% differs from the other
species.

4. Conclusion

The experiments presented within this study convincingly
demonstrate the great capabilities of deep UV Raman spec-
troscopy.

For the identification of mineral phases the number of
unsuccessful measurements is clearly smaller when employ-
ing excitation lasers in UV. The number of spectra which
suffer from fluorescent background interference is also signifi-
cantly smaller when using these wavelengths for Raman experi-
ments.

Bacterial identification with UV-resonance Raman spec-
troscopy was performed with a recognition rate of nearly
99% on strain level. Raman signals from macromolecules like
DNA/RNA or proteins can be selectively enhanced by means of
UV resonance Raman spectroscopy. The selective enhancement
of the cellular DNA/RNA content allows for a correlation with
the GC value and therefore for a genotaxonomic classification
of bacteria.
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Microbial contamination is not only a medical problem, but also plays a large role in

pharmaceutical clean room production and food processing technology. Therefore many

techniques were developed to achieve differentiation and identification of microorganisms.

Among these methods vibrational spectroscopic techniques (IR, Raman and SERS) are useful

tools because of their rapidity and sensitivity. Recently we have shown that micro-Raman

spectroscopy in combination with a support vector machine is an extremely capable approach for

a fast and reliable, non-destructive online identification of single bacteria belonging to different

genera. In order to simulate different environmental conditions we analyzed in this contribution

different Staphylococcus strains with varying cultivation conditions in order to evaluate our

method with a reliable dataset. First, micro-Raman spectra of the bulk material and single

bacterial cells that were grown under the same conditions were recorded and used separately for a

distinct chemotaxonomic classification of the strains. Furthermore Raman spectra were recorded

from single bacterial cells that were cultured under various conditions to study the influence of

cultivation on the discrimination ability. This dataset was analyzed both with a hierarchical

cluster analysis (HCA) and a support vector machine (SVM).

Introduction

Fast and exact identification of microorganisms is becoming

an important challenge in various fields of research and

industry, e.g., reliable and rapid methods are needed for the

characterization of relevant microorganisms in medical

diagnostics, pharmaceutical production or food processing

technology. Routine bacterial identification of pathogenic

microorganisms is largely based on a morphological evalua-

tion of the microorganism, growing them in various media and

a set of biochemical tests.1 Consequently, this procedure takes

at least a few hours or even longer than a day.2 Therefore

novel and fast analytical techniques are necessary, making

an extensive, reliable and fast identification of microbes

possible. Concerning these requirements, new analysis

methods such as mass spectrometry, polymerase chain reaction

(PCR), flow cytometry or fluorescence spectroscopy were

developed.1,2 Alternatively vibrational spectroscopic tech-

niques such as Fourier transform infrared spectroscopy

(FT-IR)3–7 and Raman spectroscopy8–11 in combination with

chemometric procedures12,13 or neural networks (NN)14,15 are

suitable tools for the rapid identification of bacteria.5 The

IR and vibrational spectra provide biochemical information

on the molecular composition of the studied micro-

organisms.3,8 Spectral signals can be used to differentiate

between several microbial species and strains in bulk material

or micro colonies.16–21

Recently we have shown that micro-Raman spectroscopy in

combination with a support vector machine is an extremely

capable approach for a fast and reliable, non-destructive

online identification of single bacteria belonging to different

genera.22 It could be shown that for the identification of single

bacterial cells, one Raman spectrum is sufficient if a powerful

database and appropriate evaluation software are available. In

contrast yeasts as eukaryotes differ from prokaryotes such as

bacteria in their molecular composition. They exhibit certain

organelles and therefore they show a spatial heterogeneity.

Hence one spectrum is not enough to describe the whole yeast

cell. Using a mean spectrum over several measured positions

inside the yeast cell it is feasible to distinguish yeasts on a

single cell level.23

With the help of this technique it is possible to identify

both bacteria and yeasts on a single cell level by means of

micro-Raman spectroscopy. By investigating microorganisms

under real environmental conditions the origin of these cells

is unknown, e.g. nutrition, temperature or cell age. In order

to simulate this situation, in this contribution different

Staphylococcus strains with varying cultivation conditions

were analyzed in order to evaluate this method with a reliable

database. The species Staphylococcus cohnii, Staphylococcus

epidermidis and Staphylococcus warneri were grown under

different cultivation conditions such as nutrition, temperature

and culture age. This dataset is analyzed both with a

supervised and an unsupervised technique.

In a first attempt, micro-Raman measurements were

performed to obtain spectra from bulk material to prove

the principal feasibility of the method. For a distinct
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identification of the strains a chemometric data analysis was

performed.

In further experiments micro-Raman spectra were recorded

from single bacterial cells grown under the same conditions

as bulk material for a discrimination at a species and strain

level. Since signals of single bacteria have more distinctive

variabilities22–26 than those of bulk material a complete dataset

including all possible variations of cultivation conditions is

needed. A varying culturing environment leads to a variance in

the biochemical composition of a microbial cell and could

therefore affect the ability to discriminate and identify the

investigated species.27–29 Therefore Raman spectra were

recorded from single bacterial cells that were grown under

several cultivation conditions with respect to the nutrient

medium, incubation temperature and culturing age. These

spectra were used to discriminate and classify bacterial species

and strains and to analyze the effect of growth dependent

distributions of the biochemical compositions of bacterial cells

on the distinction capability.

Experimental

Sample preparation

The microorganisms of the species Staphylococcus cohnii DSM

6669, DSM 6718, DSM 6719 and DSM 20260, Staphylococcus

warneri DSM 20036 and DSM 20316 and Staphylococcus

epidermidis DSM 1798 were obtained from DSMZ (Deutsche

Sammelstelle für Mikroorganismen und Zellkulturen).

Staphylococcus epidermidis ATCC 35984 (American Type

Culture Collection) was purchased from the Institut für

Infektionsbiologie, Universität Würzburg.

Bacterial cells were cultivated on CA (corynebacterium

agar) or CASO (trypticase soy yeast extract medium) plates

under varying cultivation conditions with respect to nutrient

medium, growing time and temperature. Table 1 gives an

overview of the investigated bacteria. In initial experiments the

micro-Raman measurements were performed for bulk samples

and single bacterial cells cultured on CA-agar or CASO-agar

at a temperature of 37 uC following the recommended con-

ditions listed in the DSMZ. For further single bacterial

experiments the strains were grown on different media to that

listed in the DSMZ. In an additional experiment bacteria were

grown on the suggested media but under a different

temperature of 30 uC instead of 37 uC.

For a Raman analysis the grown cells were taken from

the agar plates and smeared by a diluting loop on a fused

silica plate. Fig. 1 shows an image of single bacterial cells

smeared on a fused silica plate. The dark roundly

shaped features correspond to single bacterial cells. The light

features are caused by the blurred extra cellular matrix of the

bacteria.

Spectroscopic instrumentation

The Raman spectra of the bacteria were recorded with a

micro-Raman setup (HR LabRam invers system, Jobin Yvon,

Horiba). Raman scattering was excited by a frequency doubled

Nd:YAG laser at a wavelength of 532 nm with a laser power of

about 10 mW incident on the sample. The laser beam was

focused on individual cells or a bacterial layer by means of a

Leica PLFluoar x100/0.75 microscope objective down to a

spot diameter of approximately 0.7 mm which is sufficient to

resolve single bacteria from the background. The dispersive

spectrometer has an entrance slit of 100 mm, a focal length of

800 mm and is equipped with a grating of 300 lines mm21.

The Raman scattered light was detected by a CCD camera

operating at 220 K.

Raman spectra of bacterial bulk samples were measured

with an integration time of about 10–190 s depending on the

fluorescence background. Thereby for each spectrum a new

area of the bulk sample was investigated. For the single cell

analysis for every spectrum a new cell was measured and an

acquisition time of 60 s was used. The data were acquired over

the course of several days. For the calibration procedure of the

spectrometer a routine check was performed on a daily basis

using titanium dioxide as a reference control.

Chemotaxonomic analysis

An unsupervised classification method, hierarchical cluster

analysis, was applied to analyze both the bulk spectra and the

single bacterial spectra cultivated under recommended condi-

tions. This was done with the program OPUS IDENT from

Bruker. Spectral preprocessing was also performed with the

OPUS software from Bruker (first derivative, 13 points). For a

distinct identification of single bacteria grown under different

Table 1 Selected bacteria strains for micro-Raman spectroscopy with
sample labels

Sample

S. cohnii subsp. cohnii DSM 6669 A
S. cohnii subsp. urealyticum DSM 6718 B
S. cohnii subsp. urealyticum DSM 6719 C
S. cohnii subsp. cohnii DSM 20260 D
S. warneri DSM 20036 E
S. warneri DSM 20316 F
S. epidermidis ATCC 35984 G
S. epidermidis DSM 1798 H

Fig. 1 Microscopic image of a smear of single bacterial cells of

S. cohnii DSM 6669 on a fused silica plate. The dark roundly shaped

features correspond to single bacterial cells and the light features to the

blurred extra cellular matrix of the bacteria.
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cultivation conditions a supervised classification method, a

support vector machine, was used.22,30

Results and discussion

Raman spectra from bulk samples

In a first attempt, Raman measurements within a multilayer

region of the smear were recorded in order to obtain Raman

bulk spectra. Raman spectra of bacterial bulk samples are

often masked by the appearance of fluorescence. About

148 spectra of the bulk material were recorded. Fig. 2 shows

one representative micro-Raman spectrum of a bacterial layer

for each Staphylococcus strain. It can be seen that the spectra

are very similar and reveal a high fluorescence background.

The spectrum of S. cohnii DSM 6669 (A) exhibits more

pronounced signals over the whole spectral region in contrast

to the other spectra of S. cohnii DSM 6718 (B), S. cohnii DSM

6719 (C), S. cohnii DSM 20260 (D), S. warneri DSM 20036

(E), S. warneri DSM 20316 (F), S. epidermidis ATCC 35984

(G) and S. epidermidis DSM 1798 (H). In the Raman spectrum

of S. cohnii DSM 6669 (A) there are three dominant bands at

746 cm21, 1125 cm21 and 1575 cm21. The peak around

1125 cm21 could be assigned to the n (C–O–C) stretching

vibration from symmetric glycosidic linkages31 or to n (C–N)

and n (C–C) stretching vibrations.11 The peak at 1575 cm21

might be due to the d (NH) deformation vibration and the

n (CN) stretching vibration.31,32 These bands are not so

pronounced in the spectra of the other examined bacterial bulk

samples. However the prominent C–H stretching band region

in the range of 2700–3100 cm21 with the n (CH2) asymmetric

stretching vibration around 2935 cm21 exhibits similar inten-

sities for all investigated strains (Fig. 2). This major C–H

stretching band and the peak in the region of 1440–1460 cm21

corresponding to a d (CH2) scissoring vibration originate from

the CH bindings in lipids, proteins and carbohydrates.32

Another important peak in the range of 1650–1680 cm21 could

be attributed to the amide I band.32 Table 2 provides an

overview of the observed Raman bands of the investigated

bacterial cells together with a tentative assignment.

In order to classify the analyzed bacteria an unsupervised

method, hierarchical cluster analysis, was performed. The

spectra were pretreated by calculating the first derivative of the

Raman spectra to eliminate disturbing baseline contributions.

Furthermore the spectral range for the classification was

changed and then investigated in order to evaluate the

most suitable classes. The best results were obtained by

carrying out the hierarchical cluster analysis in the spectral

range between 850–1750 cm21 and 2650–3150 cm21. The

spectral distances between every spectrum were calculated

with the Normalization to Reproduction Level algorithm.

This method is based on a vector normalization that is

calculated separately for each spectral range. Furthermore

several spectral ranges can be weighted independently with a

reproduction level. Hence the spectral distances are expressed

in units of the reproduction level. Ward’s Technique was used

to calculate the spectral distances between a newly created

cluster and all the other spectra or clusters. With the help of

this cluster algorithm the most similar groups are not clustered

but feasible most homogeneous clusters are formed. Fig. 3

shows the dendrogram of the resulting classification of the

bulk samples based on 137 spectra of the eight different

strains. The labels A to H for each cluster correspond to the

Fig. 2 Raman spectra of bacterial bulk samples of different

Staphylococcus strains that were smeared on fused silica plates,

recorded with an excitation wavelength of 532 nm. The investigated

bacterial strains were S. cohnii DSM 6669 (A), S. cohnii DSM 6718 (B),

S. cohnii DSM 6719 (C), S. cohnii DSM 20260 (D), S. warneri DSM

20036 (E), S. warneri DSM 20316 (F), S. epidermidis ATCC 35984 (G)

and S. epidermidis DSM 1798 (H) cultured under the recommended

conditions listed in the DSMZ.

Table 2 Raman bands observed in spectra of bacterial cells and
tentative assignment

Wavenumber/cm21 Assignmenta Reference

y722 r (CH2) 32
746
y778 Cytosine, uracil ring stretching 11
850 n (CC) Ring breathing 32

n (COC) 1,4-Glycosidic link 32
1001 n (CC) Aromatic ring breathing

(phenylalanine)
20

1125 n (COC) Symmetric glycosidic link 31
n (C–N) and n (C–C) 11

1200–1280 Amide III 31, 32
y1327 d (C–H) 20
1440–1460 d (CH2) Scissoring 31, 32
1575 Amide II 31, 32

Guanine, adenine ring stretching 11
1650–1680 Amide I 32
2935 n (CH2) Asymmetric 32
3060 n (CH) Olefinic 32
a d: Deformation vibration, n: stretching vibration, r: rocking
vibration.
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one in Table 1. The smaller the spectral distances the more

similar are the spectra. A discrimination on the strain level

could be achieved. Nearly all spectra of one strain are classified

to the same cluster and are well separated from the others.

Altogether there is a distinction into two main clusters. One

cluster consists of four strains that are S. cohnii DSM 6669 (A),

S. cohnii DSM 6718 (B), S. cohnii DSM 6719 (C) and

S. epidermidis ATCC 35984 (G). The other group is formed

by S. cohnii DSM 20260 (D), S. epidermidis DSM 1798 (H),

S. warneri DSM 20036 (E) and S. warneri DSM 20316 (F).

Nevertheless the distinction into two clusters does not reflect

the relationship between the species S. cohnii, S. warneri and

S. epidermidis within subclusters. In Fig. 3 the incorrectly

grouped spectra are displayed with small letters, where the

small characters have the same attribution to the different

strains as capital letters. Three spectra of S. cohnii subsp.

urealyticum DSM 6718 (b) were incorrectly grouped to

S. epidermidis ATCC 35984 (G). They were assigned to

another species. Furthermore one spectra of S. warneri DSM

20036 (e) was not clustered to the equivalent strain but was

grouped to the appropriate species. Nevertheless an identifica-

tion accuracy of 97.0% (133/137) on the strain level could be

obtained, while three of the four spectra were not clustered to

the appropriate species leading to a distinction precision of

97.7% (134/137) on the species level.

Beside the hierarchical cluster analysis, a supervised

method, the support vector machine, was applied to classify

the analyzed bacteria. In contrast to the hierarchical cluster

analysis, where spectra with spikes were excluded for the

clustering, every measured spectrum was used for the

classification by means of the support vector machine.

Before classification via the support vector machine Raman

spectra were preprocessed by running median filtering and by

centering. The running median filter is realized as a window

that moves over each spectrum while replacing the data point

at the center of the window by the median calculated over all

points that are covered by the window. The size of the window

was chosen to be 9 spectral points. By the centering step the

mean value of all feature points over all spectra was set to 0

and the standard deviation was set to 1. This was done to

homogenize the distribution in all dimensions in the feature

space. The classification is based on the wavenumber region of

330–3600 cm21. For the classification a nonlinear SVM with a

Radial Basis Function (RBF)-Kernel was applied and for our

data the one-versus-one test was used for training and

classification. Only two parameters needed to be adjusted for

SVM classification. Firstly, a value that controlled the local

support of the radial basis function, called the gamma value

and secondly, a cost value that punishes outliers during the

training process. For the experiments the gamma value was set

to 3.5 6 1027 while the cost value was set to 2.6 6 106. For an

estimation of the classification error probability of the final

system (which used all N recorded spectra as training set) the

leave-one-out error was chosen, which uses N 2 1 samples as a

training set. The reported ‘‘average recognition rate’’ is the

arithmetic mean of the recognition rates for each strain and

species and therefore equalizes the varying number of samples

per strain and species in our database. Accomplishing a

classification with 148 spectra of the eight different strains

from three species, we obtain 141 correctly identified spectra

on the strain level (average recognition rate: 94.9%) and 144

correctly identified spectra on the species level (average

Fig. 3 Cluster analysis of the first derivative spectra using the wavenumber range 850–1750 cm21 and 2650–3150 cm21. The dendrogram of

Raman spectra resulting from HCA was calculated with the spectra of bacterial bulk samples of S. cohnii DSM 6669 (A), S. cohnii DSM 6718 (B),

S. cohnii DSM 6719 (C), S. cohnii DSM 20260 (D), S. warneri DSM 20036 (E), S. warneri DSM 20316 (F), S. epidermidis ATCC 35984 (G) and

S. epidermidis DSM 1798 (H). The bacterial bulk samples were cultivated under the recommended culture condition listed in the DSMZ.
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recognition rate: 97.0%). All results are summarized in Table 3.

It can be shown that the support vector machine for the

classification of our dataset leads to a similar identification

accuracy to a hierarchical cluster analysis. However by means

of the support vector machine, spectra with spikes could also be

used for identification because the data were median filtered.

Raman spectra from single cells

The Raman spectra of the bulk material result from the

averaged signal over several bacteria. For the identification

of single bacterial cells individual variations have to be taken

into account. Therefore it is essential to investigate how

different parameters influence the identification ability of

microorganisms on a single cell level. Hence to create a reliable

dataset the influence of several factors like nutrition,

temperature and growing time need to be considered. Thus

bacterial cells grown under several cultivation conditions with

respect to the nutrient medium (CA-agar or CASO-agar),

incubation temperature (30 uC or 37 uC) and culture age were

investigated.

First, micro-Raman spectra of single bacteria grown under

the DSMZ listed recommended conditions were recorded and

used to discriminate and classify bacterial species and strains.

Fig. 4 shows representative micro-Raman spectra of eight

different strains. The Raman spectra of single cells show

characteristic differences compared with the corresponding

bulk spectra plotted in Fig. 2. They reveal a lower fluorescence

background and additional signals in the range of 720–

890 cm21 and 950–1120 cm21 due to the fused silica plate

because of the very low sample volume of a single cell.

Furthermore a peak at 1001 cm21 corresponding to the ring

breathing vibration of the amino acid phenylalanine20 is more

intense in the single cell spectra than in the bulk spectra. It is

noteworthy that the three dominant bands at 746 cm21,

1125 cm21 and 1575 cm21 which appear in the bulk spectrum

of S. cohnii DSM 6669 (A) (Fig. 2) are marginal or absent in

the corresponding single bacterial spectrum (Fig. 4). However

an additional band at 778 cm21 that could be attributed to a

cytosine and uracil ring stretching vibration11 can be seen.

For a hierarchical cluster analysis the resulting dendrogram

was calculated for the spectral range between 850–1750 cm21

and 2650–3150 cm21. The spectral distances between every

spectrum were calculated with the Normalization to

Reproduction Level algorithm and the clustering was based

on Ward’s Technique. The spectra containing spikes were not

considered for the classification. The dendrogram of the

resulting classification of single bacteria spectra based on 143

spectra of eight different Staphylococcus strains cultivated

under the same conditions as bacterial layers is shown in Fig. 5.

There are two major clustering branches in the dendrogram.

The first cluster consists of S. warneri DSM 20036 (E) and

S. warneri DSM 20316 (F).

The second cluster is made up of two subgroups: one group

consists of the four S. cohnii strains: S. cohnii DSM 6669 (A),

S. cohnii DSM 6718 (B), S. cohnii DSM 6719 (C) and S. cohnii

DSM 20260 (D) and the other subcluster contains

S. epidermidis ATCC 35984 (G) and S. epidermidis DSM

1798 (H). Hence within this latter group, a clear separation

Table 3 Recognition rate for Raman spectra of bulk material

Sample
Total number
of spectra

Number of wrongly
classified strain spectra

Recognition rate
for strains (%)

Number of wrongly
classified species spectra

Recognition rate
for species (%)

S. cohnii subsp. cohnii DSM 6669 20 2 90 1 98.9
S. cohnii subsp. urealyticum DSM 6718 16 1 93.8 0 100
S. cohnii subsp. urealyticum DSM 6719 18 1 94.4 0 100
S. cohnii subsp. cohnii DSM 20260 13 1 92.3 1 92.3
S. warneri DSM 20036 20 0 100 0 100
S. warneri DSM 20316 20 1 95 1 95
S. epidermidis ATCC 35984 25 0 100 0 100
S. epidermidis DSM 1798 16 1 93.8 1 93.8
Average recognition rate 94.9 97.0

Fig. 4 Raman spectra of single bacterial cells of different

Staphylococcus strains that were smeared on quartz plates recorded

for an excitation wavelength of 532 nm. The analyzed bacterial

strains were S. cohnii DSM 6669 (A), S. cohnii DSM 6718 (B), S. cohnii

DSM 6719 (C), S. cohnii DSM 20260 (D), S. warneri DSM 20036

(E), S. warneri DSM 20316 (F), S. epidermidis ATCC 35984 (G) and

S. epidermidis DSM 1798 (H) cultured under the recommended

condition listed in the DSMZ.
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between the species S. cohnii and S. epidermidis can be seen.

The dendrogram exhibits a good separation of each strain and

in contrast to the classification of the bulk samples also a

discrimination of the species. As a result there is a distinction

on the strain level and on the species level. The divisions

into subclusters reflect the relationship between the species

S. cohnii, S. warneri and S. epidermidis in contrast to the

classification of the bulk spectra. This could be the conse-

quence of the lower background signal of the single cell spectra

compared to the bulk spectra. Nevertheless eight samples out

of 143 were not clustered to the correct strain. In Fig. 5 the

incorrectly grouped spectra are displayed with small letters,

where the small characters have the same attribution to the

different strains as capital letters. Four spectra of S. warneri

DSM 20316 (f) were incorrectly grouped to S. warneri DSM

20036 (E) however they were assigned to the same species.

Furthermore four spectra of S. cohnii subsp. urealyticum

DSM 6719 (c) were not clustered to the correctt strain, but

they were grouped to the appropriate species. Nevertheless

an identification accuracy of 94.9% (135/143) on the strain

level could be obtained while all spectra were clustered to the

appropriate species leading to a distinction precision of 100%

on the species level.

These experiments were performed on single bacterial cells

cultivated under the recommended culture conditions listed

in the DSMZ. However in real applications we do not know

the origin of the bacteria. So it was necessary to analyze

the effect of different growing circumstances to increase the

possible variability of bacteria in authentic applications. The

effect of culturing conditions on the identification capability of

single bacterial cells for some representative examples was

investigated. Therefore bacterial cells were cultivated on

different media to those listed in the DSMZ; strains that are

recommended to be grown on CA were grown in this experi-

ment on CASO and vice versa. In an additional experiment,

bacteria were grown under a lower temperature than that

recommended from the DSMZ; here the strains were grown

at 30 uC.

Fig. 6A shows for each Staphylococcus strain representative

Raman spectra of S. cohnii DSM 20260 and of S. warneri

DSM 20316 obtained after culturing under several growing

conditions. The spectra of the single cells from cultures grown

under a lower temperature (30 uC instead of 37 uC) exhibit

nearly the same background signal with bands as broad as

the bacterial spectra grown under 37 uC. The same effect is

observable in the Raman spectra of bacteria grown on CASO-

agar instead of a CA-agar and reversed respectively. In general

Raman spectra recorded from cells cultured under different

conditions exhibit nearly equivalent Raman bands. This is

exemplarily shown in Fig. 6A for S. cohnii DSM 20260 and

for S. warneri DSM 20316. All spectra exhibit a characteristic

band at 778 cm21. This peak occurs almost always for

S. warneri DSM 20036 and S. warneri DSM 20316 grown on

CASO-agar at 37 uC and CA-agar at 30 uC. This peak cannot

be found for the bacteria of S. cohnii DSM 6669, S. cohnii

DSM 6719 and S. cohnii DSM 20260 under several growing

circumstances.

Additionally the influence of the growing time on the

Raman spectrum of single S. epidermidis ATCC 35984 cells

was evaluated. The first Raman spectra were recorded after

only 6 hours incubation time. New samples were prepared and

measured in intervals of 6 hours to a total incubation time of

Fig. 5 Cluster analysis on the first derivative spectra for the wavenumber range 850–1750 cm21 and 2650–3150 cm21. The dendrogram of Raman

spectra resulting from HCA was determined with the spectra of single bacterial cells of S. cohnii DSM 6669 (A), S. cohnii DSM 6718 (B), S. cohnii

DSM 6719 (C), S. cohnii DSM 20260 (D), S. warneri DSM 20036 (E), S. warneri DSM 20316 (F), S. epidermidis ATCC 35984 (G) and S. epidermidis

DSM 1798 (H). The single bacterial cells were cultivated under the recommended culture conditions listed in the DSMZ.
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72 hours. In Fig. 6B representative Raman spectra of single

S. epidermidis ATCC 35984 cells are displayed that were

measured after growing on CASO-agar for different incuba-

tion times as indicated. Micro-Raman spectra recorded from

cells cultured under these conditions exhibit nearly the same

Raman bands, but there is one band in the region about

1575 cm21 that decreases with increasing culturing time. This

effect was also observable by examining single S. epidermidis

ATCC 35984 cells grown on CA-agar at 37 uC and for a lower

temperature of 30 uC, not shown here. In contrast to the other

strains, every spectrum of S. epidermidis ATCC 35984 exhibits

a band at 778 cm21 independently of the culture conditions. It

can be observed that the spectra of single bacterial cells from

older cultures exhibit a better SNR. For an unambiguous

analysis on a single cell level, these variations need to be taken

into account by including these variations into the applied

database for the chemotaxonomic identification.

When this complex data set was applied to the HCA, no

clear separation of the species in separate clusters was possible,

nor were clusters formed that are based on the same nutrient

medium or incubation temperature. Recently we have shown

that micro-Raman spectroscopy in connection with a support

vector machine is able to identify single bacteria on a strain

level.22 Therefore a support vector machine was used to

achieve a classification of single bacteria spectra grown under

different culturing conditions. The classification was based on

the same pretreatment of the spectra and the same parameters

as were used for the identification of bulk material while

the gamma value was set to 1 6 1026 and the cost value to

1 6 106. Performing a classification with 1280 spectra of

the eight different strains from three species we obtain 1248

correctly identified spectra on the strain level (average

recognition rate: 94.1%) and 1266 correctly identified spectra

on the species level (average recognition rate: 97.6%). The

lowest recognition rate for strains is for S. cohnii DSM 6718

with 83.6% and for species for S. cohnii DSM 6718 with 90.2%.

All results are summarized in Table 4. With these results it can

be shown that micro-Raman spectroscopy in combination with

support vector machines could be an appropriate approach for

a rapid identification of single bacterial cells on the strain level.

Conclusions

In this contribution a chemotaxonomic study of a micro-

Raman spectroscopic identification of bacterial bulk material

and single cells of different species within the genus

Staphylococcus is presented. In our experiments, spectra of

bulk samples reveal a higher fluorescence background signal in

comparison to the corresponding single cell spectra but

nevertheless a distinction of strains is possible when applying

a support vector machine and a hierarchical cluster analysis

although the relationship on the species level is not reflected

correctly with the latter method.

When going from a bulk environment to a single cell

analysis, individual cell variations need to be considered in

order to prove the ability to discriminate single bacteria on a

strain level. For this reason, different culturing methods, which

include various growing times, temperatures and different

agar types, are used to maximize the variation in the single

strains. When applying a hierarchical cluster analysis to

single bacteria spectra where the strains were grown under

one culture condition a distinction of the species is possible

Fig. 6 A: Representative Raman spectra of single cells of S. cohnii DSM 20260 and S. warneri DSM 20316 obtained after growth on CA-agar or

CASO-agar at 37 uC and CA-agar at 30 uC are shown. B: Raman spectra of single S. epidermidis ATCC 35984 cells cultured on CASO-agar at 37 uC
were recorded for different growth times as indicated.
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and reflects the relationship of species and subspecies. After

cultivating bacteria under various methods a hierarchical

cluster analysis was not successful for classification. Therefore

a support vector machine was used to identify the whole

dataset. By applying 1280 spectra for the classification an

average recognition rate of 94.1% on the strain level and 97.6%

on the species level was achieved. These results make us

hopeful that the combination of Raman spectroscopy with a

support vector machine is an extremely capable method of

identifying single bacteria of different cultivation conditions

not only on the species level but also on the strain level.

For the identification of single bacteria by means of Raman

spectroscopy and support vector machines for real applica-

tions the origin of the cells is often unknown. As could be

shown, varying cultivation conditions have an influence on the

Raman spectra, nevertheless for our dataset the identification

of the single cell spectra with a support vector machine is

suitable.
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Table 4 Recognition rate for Raman spectra of single bacteria that were grown under different culture conditions

Sample
Total number
of spectra

Number of wrongly
classified strain spectra

Recognition rate
for strains (%)

Number of wrongly
classified species spectra

Recognition rate
for species (%)

S. cohnii subsp. cohnii DSM 6669 62 0 100 0 100
S. cohnii subsp. urealyticum DSM 6718 61 10 83.6 6 90.2
S. cohnii subsp. urealyticum DSM 6719 63 8 87.3 2 96.8
S. cohnii subsp. cohnii DSM 20260 65 3 95.4 0 100
S. warneri DSM 20036 65 2 96.9 1 98.5
S. warneri DSM 20316 67 7 89.6 3 95.5
S. epidermidis ATCC 35984 785 2 99.7 2 99.7
S. epidermidis DSM 1798 112 0 100 0 100
Average recognition rate 94.1 97.6
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Microorganisms, such as bacteria, which might be present as contamination inside an industrial food or
pharmaceutical clean room process need to be identified on short time scales in order to minimize possible
health hazards as well as production downtimes causing financial deficits. Here we describe the first results of
single-particle micro-Raman measurements in combination with a classification method, the so-called support
vector machine technique, allowing for a fast, reliable, and nondestructive online identification method for
single bacteria.

Microbial contamination not only is a medical problem but
also plays a large role in pharmaceutical clean-room produc-
tion and food-processing technology. For all these fields, a fast
and nonambiguous identification of pathogenic and nonpatho-
genic microorganisms is required. Conventional bacterial iden-
tification methods are based on morphological evaluation of
the microorganisms and their ability to grow in various media
under different conditions (23). Depending on the type of
bacteria, the identification process may take at least 1 day but
generally takes much longer (2). Bacterial detection methods
have to be rapid and very sensitive because even a single
pathogenic organism may be an infectious dose (23). To ad-
dress the requirements, new analysis methods such as mass
spectroscopy, PCR, flow cytometry and fluorescence spectros-
copy were developed, allowing a fast and reliable identification
(2, 23).

An alternative approach to the analysis of microorganisms is
the application of vibrational spectroscopic techniques (infra-
red [IR] and Raman spectroscopy), which have a long tradition
since the vibrational spectrum displays a fingerprint of the
chemical composition of each bacterium (35). While an IR
spectroscopic investigation of microorganisms requires a few
hundred cells from controlled cultivation conditions for an
analysis and a drying step (37), this is not necessary when
applying Raman spectroscopy (36). In particular, when only a
small sample amount is available, a special Raman technique
called SERS spectroscopy (surface-enhanced Raman scatter-
ing spectroscopy) is especially suited. For an investigation of
bacteria, various different SERS substrates or SERS micro-
chips in combination with antibodies were tested (14, 15, 19,

24, 25, 53, 54, 63). By applying UV-resonance Raman spec-
troscopy, direct investigation of macromolecules such as pro-
teins or DNA becomes possible. However, this Raman tech-
nique involves extensive experimental costs and extremely
careful sample handling (4, 7, 8, 13, 18, 26, 28–30, 38, 39, 58,
59). In 1990, Puppels et al. developed a confocal Raman mi-
croscope, capable of recording Raman spectra of single human
cells and polytene chromosomes (42). Since then, many bio-
logical phenomena in single human cells have been studied by
Puppel’s group; e.g., Raman spectra of the cell nucleus and the
cell cytoplasm in human white blood cells were obtained (43–
46). Various groups have reported the classification of bacteria
by means of Raman spectroscopy (3, 11, 12, 17, 27, 31–34, 47).
Very recently, Maquelin et al. (31) performed for the first time
a clinical Fourier transform IR and near-IR–Raman study of
bacterial contamination in blood cultures by using microcolo-
nies obtained after 6 to 8 h of cultivation. Other papers have
reported Raman and SERS investigations of single yeast cells,
bacteria, or spores (1, 10, 21, 60–62). Various investigations of
cell components of single bacteria or spores by means of Ra-
man spectroscopy have also been reported (16, 20, 22, 40, 50,
51). In this paper we describe, to the best of our knowledge for
the first time, a fast, nondestructive, and very reliable approach
to the identification of bacteria on a single-microparticle level
by means of a combination of a micro-Raman analysis together
with a data classification approach, the so-called support vector
machine (SVM) technique.

MATERIALS AND METHODS

Spectroscopic instrumentation. The Raman spectra were obtained with a
micro-Raman setup (HR LabRam invers, Jobin-Yvon-Horiba). The spectrome-
ter has an entrance slit of 100 �m and a focal length of 800 mm and is equipped
with a 300-lines/mm grating. As excitation wavelengths, the 532-nm line of a
frequency-doubled Nd:YAG laser (Coherent Compass) with a laser power of 10
mW incident on the sample were used. The Raman-scattered light was detected
by a charge-coupled-device camera operating at 220 K. A Leica PLFluoar 100�
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Chemie, Friedrich-Schiller-Universität Jena, Helmholtzweg 4,
D-07743 Jena, Germany. Phone: (49-3641) 948320. Fax: (49-3641)
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objective focused the laser light onto the samples (ca. 0.7-�m focus diameter).
An integration time of 60 s was used both for the bulk and single-bacterium
spectra. For the spatially resolved measurements, an x/y motorized stage (Mer-
zhäuser) with a minimal possible step size of 0.1 �m was used. The z displace-
ment was controlled by a piezo-transducer on the objective.

Bacteria and growth conditions. The microorganisms were chosen according
to the conditions present in clean rooms. The microorganisms Micrococcus luteus
(DSM 348 and DSM 20030), Micrococcus lylae (DSM 20315 and DSM 20318),
Bacillus subtilis (DSM 10 and DSM 347), Bacillus pumilus (DSM 27 and DSM
361), Bacillus sphaericus (DSM 28 and DSM 396), Escherichia coli (DSM 423,
DSM 498, and DSM 499), Staphylococcus cohnii (DSM 6669, DSM 20260, DSM
6718, and DSM 6719), Staphylococcus warneri (DSM 20036 and DSM 20316),
and Staphylococcus epidermidis (RP 62A) were purchased from the Deutsche
Sammelstelle für Mikroorganismen und Zellkulturen and from the Institut für
Infektionsbiologie, Universität Würzburg. They were cultivated on a standard or
nutrition agar (Micrococcus and Bacillus) or on caseine-peptone soymeal-pep-
tone agar (Staphylococcus) for different growing conditions, such as growing time
and temperature, respectively. To simulate samples from clean rooms, the Ra-
man measurements were directly performed on single cells from smears on fused
silica plates.

SVMs. The analysis of Raman spectra was performed in two steps: (i) prepro-
cessing of the spectra and (ii) classification by using SVMs. The preprocessing
was tested by different methods such as baseline correction, normalization, first
derivative, and median filtering. Normalization for bulk data and median filtering
for both bulk and single-bacterium analysis have obtained the best results. The
classification was based on the regions from 850 to 1,750 and 2,650 to 3,150 cm�1.
The limits of those regions were chosen by using the optimization procedure of
linear SVMs described below.

The classification step was achieved by using SVM. These large-margin clas-
sifiers are widely used in pattern analysis and are already well understood (5, 57).
It has been shown that standard SVMs perform as well as or better than neural
networks (NN) even in domains such as hand-written character recognition,
where several years of research were spent to optimize the NN for a certain
problem (48).

Since a classification task can always be broken down into several two-class
problems (using a one-versus-one approach), a SVM solves only a two-class
problem. The basic idea is as follows. The traditional approach to classification
usually tries to build a model during the training step for each class indepen-
dently from the other classes. The classifier then tests how well an unknown
spectrum matches the different models and assigns the spectrum to the best-
fitting one. This could also be interpreted as first using the two models for
calculating a border between the two classes and second testing on which side of
this border the spectrum lies. The idea of an SVM is therefore to combine these
two steps and directly model the border between the two classes. This omits
modeling of irrelevant parts and therefore needs much less training data. Since
there are many possible hyperplanes, which separate the two classes in the
feature space (Fig. 1A), the distance to the training samples is introduced as a
quality criterion. With this criterion, there is only one global optimum—the
hyperplane with the largest margin—which could reliably be found in the training
process. This is a big advantage of SVMs compared to NN, where several
suboptimal solutions are found during the training process. The samples that are
touched by the margin of the hyperplane are called “support vectors.” Therefore,
for training and classification, only these support vectors are necessary, while all
other vectors could be removed from the training set without changing the result.
If an SVM is trained, for example, to classify yeasts and bacteria, it will select the
most yeast-like bacteria and the most bacterium-like yeasts as support vectors
and will use only those to classify an unknown microorganism. The optimal
separation plane with the largest margin and the support vectors (adjacent
training samples marked by circles) are shown in Fig. 1B. In cases where the
training set includes outliers, i.e., samples that are beyond the separating plane,
a cost value is introduced to give those data points a disadvantage. In that way,
SVM can model a real-world training data set very efficiently.

For classification, we used an SVM template library that was developed at our
institute and is based on the libsvm library (9). Due to the high dimensionality of
the data, the border could be defined by a linear function yielding a linear SVM.
Applying other (nonlinear) SVMs to the classification problem did not improve
the recognition result significantly. We tried one-versus-one and one-versus-rest
test setups separately; we found that for our data, the one-versus-one test per-
formed slightly better. Therefore, all the reported results were acquired with a
linear SVM and a one-versus-one method for training and classification, while
the cost value was set to 90,000.

The output of linear SVMs can be interpreted geometrically, so that one can
find out which parts of the spectrum were used for the classification by looking

at the direction of the normal vector of the separating hyperplane. In that way,
one can identify relevant and irrelevant peaks; this is one of the main advantages
of using SVM for classification of spectral data.

This is shown in a simple simulation in Fig. 1C, where three spectra (two of

FIG. 1. (A) Possible planes for separating the two classes. (B) The
optimal separation plane has the largest margin and is defined only by
the adjacent training samples. Support vectors are marked by circles.
(C) Classification of simulated spectra. The SVM automatically detects
relevant and irrelevant peaks. The third peaks of class �1 differ in size,
and so compared to the third peak in class �1, those peaks contain no
discriminative information and are irrelevant for the SVM classifica-
tion.
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class �1 and one of class �1) and a plot of the normal vector are given. For the
spectra, only the first two peaks contain relevant information, while the third
does not. Training an SVM with those three spectra, the SVM will automatically
find the relevant parts of the spectrum and ignore the irrelevant parts. The height
of the peaks in the hyperplane plot shows how important this peak is for the
classification, whereas the sign of the peak tells whether it belongs to class �1 or
class �1.

Leave-one-out test. For the estimation of the classification error probability of
the final system (which will use all recorded spectra as the training set), the
leave-one-out error was chosen (which uses N � 1 samples as the training set)
instead of the widely used “holdout method” (which uses only a certain fraction,
e.g., 50%, of the samples as the training set). While it is mathematically proven
that the leave-one-out error is an “almost unbiased” estimate for the real clas-
sification error probability (49), the holdout method is proven to always return a
biased (too high) estimate of the classification error probability (55). (The term
“almost” refers to the fact that the leave-one-out error provides an estimate for
training on sets of size N � 1 rather than N [49].)

Since the a priori probability for the occurrence of each cell species may vary
from clean room to clean room, the reported “average recognition rate” is always
the arithmetic mean of the recognition rates for each species and therefore
equalizes the varying number of samples per species in our database.

RESULTS AND DISCUSSION

In clean-room applications not only the composition of dust
but also the number of particles differ from those in the regular
environment (56). Usually, production in the pharmaceutical
industry takes place in class A or B clean rooms (3,500 0.5-�m
particles per m3 and 0 5-�m particles per m3). The main
components of dust are metal particles, rubber abrasion, skin,
hair, and a few microorganisms. Conventional investigation
methods count the total number of particles or the colony-
building units (56). A complete investigation of the origin of
particle contamination would be extremely beneficial, since
this would lead to a rapid identification of the source of the
contamination. Since clean-room conditions differ from a nat-
ural environment, bacteria that can be found in a clean room
depend on the purpose for which the room is being used.
Furthermore, the total number of bacteria is fairly small, and
only a limited number of species are detected compared to a
natural environment (H.-W. Motzkus, personal communica-
tion).

Bulk spectra. Since the origin of the microorganisms present
in a clean room is unknown, a single-bacterium analysis re-
quires careful testing of various parameters such as different
culture media or growth times. In the experiments described
below, typical clean-room samples are modeled as smears of
various microorganisms on fused silica plates. In a first ap-
proach, 20 different strains of nine bacterial species which are
typical of clean-room contaminants (Motzkus, personal com-
munication) were chosen. Among the chosen bacteria, both
colored and noncolored species can be found. Colored bacteria
can be easily identified by the presence of carotenoids, which is
the pigment in most colored microorganisms. However, this
does not allow a distinct identification of the species or strain
that is present. Identification of the noncolored bacteria is
expected to be even more difficult. Different regions can be
found on such a smear: (i) multilayer regions, which can be
used to record bulk spectra, and (ii) regions with isolated single
cells, where single-bacterium investigations can be performed.

In a first attempt, Raman measurements within a multilayer
region on the smear were recorded in order to obtain bulk
Raman spectra. Figure 2 shows the Raman spectra of nine
different strains, typical of each species. The spectra were re-

corded with an integration time of 60 s on different multilayer
regions on the plate (10 to 20 repetitions [Table 1]). The
spectrum of the colored strain (M. luteus DSM 20030) is dom-
inated by the carotene bands at 1,525, 1,154, and 1,002 cm�1.
Almost no vibrations due to the cell matrix can be seen. For
the noncolored strains, the Raman spectra of the four genera
are very similar. The Raman spectrum of E. coli DSM 499
reveals higher intensities of the amid-I band than do the spec-
tra of the Bacillus strains, as well as a very intense C-H band
(around 2,900 cm�1). The three Bacillus strains (B. subtilis
DSM 10, B. pumilus DSM 361, and B. sphaericus DSM 28)
exhibit very similar spectra. The signal-to-noise ratio of the
three Staphylococcus spectra is very low, which is due to the
high fluorescence background of these strains (S. warneri DSM
20316, S. cohnii DSM 20260, and S. epidermidis RP 62 A). For
a distinct identification of the strains, a reliable data analysis
method is required. Therefore, a chemometric data analysis
was performed.

Data analysis of bulk spectra. Since the Raman intensities
differ between two successive measurements due to slightly
different experimental conditions, a normalization procedure
is required. The Raman spectra were normalized on the inten-
sity of the CH peak because this signal represents the total
amount of organic compounds in the cells. Not only is the C-H
vibration characteristic of one special component, as, for ex-
ample, fatty acids, but also it corresponds to the sum of all
saturated organic material. (Note that it has been found that
using C-H vibrations for normalization yields the best results of
classification and testing.)

The recognition rate (median filtering, normalization, linear
SVM, leave-one-out test) shows very good results (98.0%; Ta-
ble 1) for all bacterial strains. Of the 339 Raman spectra, 7

FIG. 2. Micro-Raman spectra of nine different strains (bulk). The
numbers in the figure are the strain numbers.
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were misclassified; e.g., within E. coli, one DSM 498 strain
spectrum was not classified correctly but was assigned as a
spectrum of E. coli DSM 499 (i.e., the species was identified
correctly whereas the assigned strain was wrong). Therefore,
the overall identification at the species level reveals 98.9%.
These results nicely prove that a reliable identification can be
obtained for microcultures. However, it requires up to 6 h to
obtain those microcultures by cultivation. It would be greatly
preferable to identify single bacteria by means of micro-Ra-
man spectroscopy. Therefore, experiments with isolated single
cells were performed to test if a reliable identification of the
bacteria is possible on the single-cell level.

Single-cell spectra. Bulk Raman spectra are the result of an
averaging over several bacteria. However, for isolated single
bacteria, individual variations within the various cells need to
be considered. Before performing a single-bacterium analysis,
various experiments are needed to investigate if and how dif-
ferent parameters influence the identification of microorgan-
isms on the single-cell level. As already mentioned, no infor-
mation about the origin of the bacteria is available. Therefore,
to create a reliable data set, the variation of different param-
eters, e.g., nutrition, temperature, and growth time, needs to
be considered. Furthermore, it is also necessary to investigate
the spatial heterogeneity within a single microorganism, i.e.,
whether there are any variations within the Raman spectra if
the laser focus slightly shifts on the investigated single bacte-
rium.

Raman mapping (heterogeneity effect). Figure 3A shows a
micrograph of an isolated single B. sphaericus DSM 28 cell on
a fused silica plate. Figure 3B displays a Raman spectrum of
this bacterium in comparison with a background spectrum,
which was recorded beside the microorganism. To test if the
Raman spectrum depends on the spatial position of the focus
within the bacterium, Raman mapping experiments over the
area displayed by the white square in Fig. 3A were performed.

For the mapping experiments, a step size of 0.3 by 0.3 �m2

(total, 20 by 28 points) was chosen. These parameters are
smaller than the spatial resolution of the Raman microscope
(0.7 �m) but were chosen to increase the spatial overlap of the
Raman mapping experiments. Each spectrum was measured
with an integration time of 120 s, which leads to a total mea-
suring time of 20 h. To minimize the background of fused
silica, a pinhole of 500 �m was used.

Figure 3C shows three Raman images of the three repre-
sentative bands labeled in Fig. 3B, namely, the C-H stretch
vibrations at �2,900 cm�1 (a), the amide I vibration at �1,650
cm�1 (b), and the CH2 deformation vibration at �1,420 cm�1

(c). As can be clearly seen in the Raman images, no depen-
dency on the spatial position of the measurement could be
observed; i.e., the bacterium shows spatial homogeneity. This
can be explained by the fact that bacteria normally have no
compartments. Some bacteria might contain vesicles where, for
example, sulfur or poly-�-hydroxybutyric acid is stored. As was
shown by Schuster et al. (50, 51), Raman spectra of single
Clostridium cells differ with different amounts of starchlike
granulose. When line scans over the cell axis were used, no
variations with the measuring position could be observed. An-
other example of structured bacteria involves resistant domi-
nant bodies (spores), which are known to be more complex
than vegetative cells since they exhibit several layers, which are
schematically displayed in Fig. 4A. The marker substance of
bacterial spores is calcium dipicolinate (CaDPA; the structure
is shown in Fig. 4B). In Fig. 4C, two spectra of isolated B.
sphaericus DSM 28 cells (vegetative cell and spore) are dis-
played. Distinct differences due to CaDPA can be observed in
the spectra. The Raman spectrum of the spore shows a band at
1,651 cm�1, which is due to the amide I band. The very intense
signals at 1,565, 1,440, 1,383, and 1,007 cm�1 can be assigned
to CaDPA (6, 16, 18, 30, 41, 53). According to Carmona (6),
the vibration at 1,007 cm�1 can be assigned to the ring-breath-

TABLE 1. Recognition rate for bulk Raman spectra of various bacterial strains

Strain Total no. of
spectra

No. of wrongly
classified strain

spectra

Recognition rate
for strains (%)

No. of wrongly
classified

species spectra

Recognition rate
for species (%)

B. pumilus DSM 27 12 0 100.0 0 100.0
B. pumilus DSM 361 12 0 100.0 0 100.0
B. sphaericus DSM 28 14 0 100.0 0 100.0
B. sphaericus DSM 396 16 1 93.8 0 100.0
B. subtilis subsp. subtilis DSM 10 16 0 100.0 0 100.0
B. subtilis subsp. spizizenii DSM 347 10 0 100.0 0 100.0
E. coli DSM 423 12 0 100.0 0 100.0
E. coli DSM 498 20 1 95.0 0 100.0
E. coli DSM 499 20 0 100.0 0 100.0
M. luteus DSM 348 12 0 100.0 0 100.0
M. luteus DSM 20030 20 0 100.0 0 100.0
M. lylae DSM 20315 21 0 100.0 0 100.0
M. lylae DSM 20318 22 0 100.0 0 100.0
S. cohnii subsp. cohnii DSM 6669 20 2 90.0 2 90.0
S. cohnii subsp. cohnii DSM 20260 13 1 92.3 1 92.3
S. cohnii subsp. urealyticum DSM 6718 16 0 100.0 0 100.0
S. cohnii subsp. urealyticum DSM 6719 18 1 94.4 0 100.0
S. epidermidis RP 62A 25 0 100.0 0 100.0
S. warneri DSM 20036 20 1 95.0 1 95.0
S. warneri DSM 20316 20 0 100.0 0 100.0

Average recognition rate 98.0 98.9
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ing vibration of the pyridine ring. The C-O-C stretching vibra-
tion can be observed at 1,385 cm�1, whereas both signals at
1,440 and 1,565 cm�1 can be assigned to ring vibrations.

Since bacterial spores are highly heterogeneous (Fig. 4A), it
is expected that the Raman spectra of such spores will depend
on the spatial position where the Raman spectrum was re-
corded. Figure 5A shows a microphotograph of several vege-
tative cells and two spores of B. sphaericus DSM 28. Spores,
which are highly refractive bodies, can be distinguished from
vegetative cells under a light microscope (Fig. 5A). In Fig. 5B,
Raman spectra taken at four different spatial positions within
the white square are shown. The spectrum at the bottom cor-
responds to a background spectrum, while the other spectra
are from a vegetative cell or at two different positions within
the spore, respectively. As already shown in Fig. 4C, the spec-
tra of vegetative cells and spores differ due to the different
concentrations of CaDPA. Additionally, the Raman spectra of
the spore recorded at two different positions show subtle vari-
ations. This becomes even more obvious in Fig. 5D, where
various confocal Raman images are shown. The images were
recorded over the area displayed by the white square shown in

the microphotograph in Fig. 5A. Furthermore, a depth profil-
ing has been performed by measuring the images at three
different depths shown in the schematic sketch in Fig. 5C. For
the three-dimensional Raman mapping, a lateral and axial
spatial resolution of 0.5 �m was used, which leads to a total
volume of 22 by 16 by 3 points. Each spectrum was measured
with an integration time of 300 s, resulting in a total time of
approximately 90 h. For the confocal measurements, a hole of
200 �m and a slit of 50 �m was used. The laser power at the
sample was ca. 2.5 mW. The images a1, a2, and a3 map the
intensity of the C-H stretch vibrations (2,871 to 2,991 cm�1 in
Fig. 5B, region a) recorded for the three different depth posi-
tions 1, 2, and 3, as shown in Fig. 5C inside the mapping area.
As can be seen from the Raman spectra (Fig. 5B), C-H stretch
vibrations can be found in both vegetative cells and spores.
However, when looking at the confocal Raman images dis-
played in Fig. 5D (a1, a2, and a3), it is evident that spores
exhibit a higher degree of ellipticity because at depth position
1 the CH intensity can be found only at positions where the
spores are located (image a1 in Fig. 5D). For positions 2 and
3, CH intensity also occurs where the vegetative cells can be

FIG. 3. Raman mapping experiment of a single bacterium (B. sphaericus DSM 28). (A) Micrograph of a single bacterium. The white frame
indicates the mapping area (0.3 by 0.3 �m2) for taking the Raman images shown in panel C. (B) Micro-Raman spectra from selected positions
within the marked scan area. The marked bands are used to calculate the Raman images plotted in panel C. (C) Raman maps for three different
wavenumber regions labeled in panel B: a, 2,851 to 2,964 cm�1; b, 1,604 to 1,671 cm�1; and c, 1,410 to 1,455 cm�1. For details, see the text.
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found (images a2 and a3 in Fig. 5D). This becomes even more
obvious when mapping a Raman band which can be only found
in the Raman spectrum of the spores. Images b1, b2, and b3 in
Fig. 5D map the intensity of the ring-breathing mode of the
pyridine ring of CaDPA (993 to 1,034 cm�1 in Fig. 5B, region
b), which is a characteristic component of spores and which
does not appear in vegetative cells. Images b1, b2, and b3 in
Fig. 5D map the spores exclusively. The spore images recorded
by integrating over the C-H stretch vibrations (a1, a2, and a3 in
Fig. 5D) show subtle differences from the images obtained by
integrating over the pyridine ring breathing mode (b1, b2, and
b3 in Fig. 5D). CaDPA can be found only within the cortex
layer of the spore (Fig. 4A). The C-H stretch vibrations result
from all biological components (proteins, lipids, DNA, etc.)
within the vegetative cells or spores, respectively. Their distri-
bution within the spores differs from that of CaDPA.

To establish an automatic analytical procedure for the iden-
tification of single bacteria by means of Raman spectroscopy,
these observations have to be taken into account; i.e., to iden-
tify heterogeneous bacteria such as single spores, measure-
ments at three to five different positions should be performed
(S. Hofer et al., 23 February 2004, German Patent Office).

Cultivation conditions. Another issue which might be of
relevance for an analysis at the single-cell level is that of dif-
ferent nutritional conditions. This has also been tested by mea-
suring Raman spectra of various single bacteria of different
strains (not shown here) in different culture media and in-
cluded in the identification data set.

Furthermore, the influence of the growth time on the Ra-
man spectrum needs to be evaluated. Figure 6 shows repre-
sentative Raman spectra of single B. subtilis DSM 10 (Fig. 6A)

and M. luteus DSM 348 (Fig. 6B) cells recorded for different
growth times as indicated. The spectra of single cells from very
young cultures exhibit a low signal-to-noise ratio with broad
bands, while Raman spectra of cells of older cultures show
sharp distinct signals. These signals belong to vegetative cells
and not to spores (compare Fig. 4C). For an unambiguous
analysis on the single-cell level, these variations have to be
taken into account, being included in the applied database for
the chemometric identification (see below).

M. luteus is a colored bacterium, in which the pigment comes
from the presence of the carotenoid sarcinaxanthin exhibiting
an absorption maximum around 500 nm. Therefore, the Ra-
man spectra of M. luteus recorded for an excitation wavelength
of 532 nm are resonantly enhanced. The strong bands at 1,532,
1,157, and 1,005 cm�1 (Fig. 6B) are due to CAC stretch, COC
stretch, and COCH3 deformation modes of sarcinaxanthin. As
can be seen in Fig. 6B, the concentration of this chromophore
varies with the cultivation age. For 32 h, the lowest concentra-
tion of sarcinaxanthin can be observed, while for 45 h, a max-
imum is reached. Overall, the concentration distribution of
sarcinaxanthin does not show a linear relationship to cultiva-
tion age.

Photobleaching. The concentration variation of colored bac-
teria is accompanied by bleaching effects, which occur exclu-
sively when working with a single colored bacterium and when
the Raman excitation laser lies within the absorption band of
the bacterium’s chromophore. This is illustrated in Fig. 7A,
where Raman spectra of a single M. luteus cell (cell marked by
a circle in Fig. 7B, showing a microphotograph of several M.
luteus DSM 348 cells) are plotted for three different irradiation
times, as indicated. Each Raman spectrum was recorded with

FIG. 4. (A) Schematic diagram of a spore. (B) Chemical structure of CaDPA, which is a marker substance and can be found in all spores.
(C) Raman spectra of a vegetative cell and a spore of B. sphaericus DSM 28.
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an integration time of 60 s. The top spectrum shows the initial
Raman spectrum, while the two other spectra were recorded
directly after irradiating the same single M. luteus bacterium
after 60 and 360 s, respectively, with the 532-nm laser. The
intensity of the carotenoid bands at 1,532, 1,157, and 1,005
cm�1 decreases with increasing irradiation time. Figure 7C
shows the dependency of the intensity of three different bands
labeled by a, b, and c in Fig. 7A as a function of the irradiation
time. As can be clearly seen from the marked signals, only the
mode corresponding to the CAC stretch vibration of sarcinax-
anthin at 1,532 cm�1 (band a), which is resonantly enhanced,
shows a time dependency. The intensities of the other two
bands, b and c, which are not chromophore vibrations, are
almost unaffected by the irradiation process. These measure-
ments have been repeated several times, and the same time
behavior could always be observed; i.e., this irradiation time
behavior is absolutely reproducible. However, this bleaching
effect of the chromophore modes is advantageous for a single-
cell analysis, since after the bleaching has taken place, only the

characteristic Raman bands due to the cell matrix are left. This
is especially important since many bacteria produce pigment
structures of the carotenoid type and since the production of
these structures depends strongly on the cultivation and
growth state. Thus, pigmentation of bacteria alone is generally
useless for microbiological identification, but when it is used in
combination with the information about the cell matrix ob-
tained after bleaching, an exact identification can be made.

All these results demonstrate that the above-mentioned pa-
rameters, such as heterogeneity, growth time, bleaching effects,
and nutrition conditions, might lead to more or fewer varia-
tions within the Raman spectra of single cells. Most of those
variations have already been included in our database as well
as in our classification procedure for an unambiguous assign-
ment of bacteria on a single-cell level.

Single-cell identification. In Fig. 8, examples of micro-Ra-
man spectra of single cells of nine representative different
species are shown, with an integration time of 60 s per spec-
trum. The spectra show characteristic differences from the

FIG. 5. Raman mapping experiment on single spores and vegetative cells (B. sphaericus DSM 28). (A) Micrograph of two spores surrounded
by vegetative cells. The white frame indicates the mapping area. (B) Micro-Raman spectra from selected positions within the marked scan area.
The spectrum at the bottom corresponds to a background spectrum, while the other spectra are taken from a vegetative cell or at two different
positions within the spore, respectively. The marked bands are used to calculate the Raman images plotted in panel D. (D) Raman maps for the
two different wavenumber regions labeled in panel B (a, 2,871 to 2,991 cm�1; b, 993 to 1,034 cm�1) for three different depths positions indicated
by the three horizontal lines within the schematic sketch of a spore shown in panel C. Position 3, �1.0 �m; position 2, �0.5 �m; position 1, 0 �m.
For details, see the text.
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corresponding bulk spectra plotted in Fig. 2: a lower back-
ground, a lower signal-to-noise ratio, or additional signals due
to the fused silica plate (asterisk in Fig. 8), which all occur from
the very low sample volume of 0.5 �m3 (Micrococcus and
Staphylococcus) to 2.5 �m3 (Bacillus and E. coli) of a single
bacterium. The poor signal-to-noise ratio for each Raman
spectrum of the various single cells is a result of the short
integration time. However, the quality of the single-cell spectra
shown in Fig. 8 is sufficient for an identification of the bacteria
by means of an SVM (see below) (Table 2). Since time is a
critical issue for the analysis of clean-room samples, the overall
investigation time should be kept as short as possible.

Additionally, some other features appear in the spectra, e.g.,
additional protein signals at 1,655 and 1,452 cm�1 in the spec-
tra of M. luteus DSM 20030. The differences in the three
Raman spectra of Bacillus strains as well as the E. coli spec-
trum are less pronounced than for to the corresponding bulk
spectra plotted in Fig. 2. The three Staphylococcus spectra as
well as the M. lylae spectrum are of much better quality than
the bulk spectra in Fig. 2.

For an identification, spectra from single vegetative cells of
different agar types and growth times are used and each single
bacterium is represented by one spectrum; however, for M.
luteus, three spectra recorded in a row were always used for the
identification. Performing a classification with 2,257 spectra of
the 20 different strains from nine species (median filtering, no
normalization, linear SVM, leave-one-out test), we obtain
2,136 correctly identified spectra at the strain level (average
recognition rate, 89.2%) and 2,180 correctly identified spectra

at the species level (average recognition rate, 93.6%). The
lowest recognition rate for strains was obtained for B. sphaeri-
cus DSM 362, with 76.7%, and that for species was for B.
sphaericus DSM 27, with 82.5%. All the results at the single-
cell level are summarized in Table 2. The decrease in recog-
nition rate for single cells compared to the bulk samples was
mostly because of less characteristic spectra and low signal-to-
noise ratios.

With this first approach, it can be shown that micro-Raman
spectroscopy in connection with SVMs is capable of rapid
identification of bacteria at the single-cell level. When going
from a bulk environment to a single-cell analysis, several points
need to be considered. For this reason, different culture meth-
ods, which include different growth times and different agar
types, are used to maximize the variation in the single strains.
Furthermore, possible heterogeneity effects within single cells
were evaluated, and it could be shown that single bacteria
exhibit a spatial homogeneity. This is not the case for spores. If
spores or bacteria with, for example, poly-�-hydroxybutyric
acid inclusions are included in the data set, more than one
sample spot is necessary. It is possible, for example, to identify
the principal axis of spores and to measure three times along
this axis. For an investigation of single colored bacteria, where
the Raman laser is resonant with the electronic absorption of
the pigment, possible bleaching effects must be taken into
account. However, it could be shown that such bleaching ef-
fects are advantageous since, after the bleaching process, only
the Raman bands corresponding to the cell matrix necessary
for an unambiguous identification of single cells are left. Over-

FIG. 6. (A) Raman spectra of single B. subtilis cells recorded for different growth times as indicated. (B) Raman spectra of single colored M.
luteus bacteria for various growth times as indicated.
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all, a total of 2,257 Raman spectra of single cells were used to
differentiate among 20 strains belonging to nine different spe-
cies, and a recognition rate of 89.2% for strains and 93.6% for
species using an SVM technique could be achieved. These
results make us hopeful that by increasing the number of

species, a reliable database allowing for a rapid identification
of bacteria in clean rooms can be established.

Within the scope of the main research “Biophotonic” sup-
ported by the German Ministry of Education and Research, we
are currently developing a technique for the rapid detection of
airborne biological contaminations within clean rooms (S.
Hofer et al., 23 February 2004, German Patent Office). In this
technique, the airborne microparticles are deposited on special
filters and, in a successive monitoring step, the particles are
differentiated into biological and nonbiological particles by
means of fluorescence detection. Once the biological particles
have been identified on the filter, the actual identification step
by means of Raman spectroscopy and SVM can take place.
The investigated basic principles of this method are supported
by the companies Kayser-Threde (Munich) and RapId (Ber-
lin). With these companies, a first functional model has already
been realized.

The presented method can be readily used for all fields
where a limited number of bacteria need to be identified. The
ultimate goal of our work, however, is a generalization of the
technique to all applications, e.g., food-processing technolo-
gies and medical applications, where microorganism contami-
nations are troublesome. To reach this goal, the diversity of
microorganism needs to be extended.
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FIG. 8. Micro-Raman spectra of single living bacteria of nine dif-
ferent strains. The numbers in the figure are the strain numbers. *,
fused silica.

TABLE 2. Recognition rate for Raman spectra of single bacteria

Strain Total no. of
spectra

No. of wrongly
classified strain

spectra

Recognition rate
for strains (%)

No. of wrongly
classified

species spectra

Recognition rate
for species (%)

B. pumilus DSM 27 57 11 80.7 10 82.5
B. pumilus DSM 361 43 10 76.7 5 88.4
B. sphaericus DSM 28 53 8 84.9 5 90.6
B. sphaericus DSM 396 42 7 83.3 7 83.3
B. subtilis subsp. subtilis DSM 10 306 10 96.7 8 97.4
B. subtilis subsp. spizizenii DSM 347 42 8 81.0 3 92.9
E. coli DSM 423 51 4 92.2 3 94.1
E. coli DSM 498 21 1 95.2 0 100.0
E. coli DSM 499 20 3 85.0 1 95.0
M. luteus DSM 348 619 1 99.8 1 99.8
M. luteus DSM 20030 48 7 85.4 4 91.6
M. lylae DSM 20315 20 0 100.0 0 100.0
M. lylae DSM 20318 20 2 90.0 2 90.0
S. cohnii subsp. cohnii DSM 6669 67 3 95.5 2 97.0
S. cohnii subsp. cohnii DSM 20260 65 2 96.9 0 100.0
S. cohnii subsp. urealyticum DSM 6718 65 14 78.5 7 89.2
S. cohnii subsp. urealyticum DSM 6719 63 8 87.3 2 96.8
S. epidermidis RP 62A 517 6 98.8 6 98.8
S. warneri DSM 20036 67 6 91.0 4 94.0
S. warneri DSM 20316 71 10 85.2 7 90.1

Average recognition rate 89.2 93.6

VOL. 71, 2005 IDENTIFICATION OF SINGLE BACTERIA BY RAMAN SPECTROSCOPY 1635

84 KAPITEL 2. VERÖFFENTLICHUNGEN
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Eukaryotes (such as yeasts) and prokaryotes (such as bacteria) differ in size, molecular complexity, etc.
By definition, eukaryotic cells store their DNA in a separate internal compartment, the so-called nucleus.
Owing to this molecular compartmentalization, the identification of yeast cells by vibrational spectroscopy
at a single-cell level is challenging. This contribution reports on first results of micro-Raman analysis
together with a hierarchical cluster analysis allowing for an online identification method for yeast cells at
a single-cell level. For the classification analysis, an average spectrum from 10 different measuring points
within a single yeast cell was used to overcome the heterogeneity of the yeast cells. Copyright  2005 John
Wiley & Sons, Ltd.

KEYWORDS: micro-Raman spectroscopy; yeast cells; single cell identification; eukaryotes; hierarchical cluster analysis

INTRODUCTION

The identification of yeast is of high relevance not only in
the medical area (e.g. different Candida strains) but also
for various food-relevant areas (e.g. wine, beer, bakery
products). Various conventional methods, e.g. enzymatic
tests, exist that allow for an identification of yeast cells in
about 5 h.1 However, these tests require a pure culture or are
not available for all species.

Vibrational spectroscopy offers a different approach to
identify yeast or microorganisms. Various groups have
reported on the non-ambiguous identification of yeast and
bacteria micro-colonies within a size range of 50–100 µm.2 – 4

In order to reduce further the amount of microorganisms
needed for a rapid identification or to perform measurements
at the single-cell level without a cultivation step,5 further
studies on isolated yeast cells are necessary. Xie and co-
workers performed measurements on single yeast cells
by means of Raman spectroscopy in combination with
optical tweezers.6,7 Further studies on Raman spectroscopic
monitoring of yeast mitosis8 and a micro-Raman mapping
experiment of KCN toxication of single yeast cells9 are also
known.

Yeast microorganisms belong to eukaryotes, which differ
by definition from prokaryotes (such as bacteria) in their

ŁCorrespondence to: Jürgen Popp, Institut für Physikalische
Chemie, Friedrich-Schiller-Universität Jena, Helmholtzweg 4,
D-07743 Jena, Germany. E-mail: juergen.popp@uni-jena.de
Contract/grant sponsor: Federal Ministry of Education and
Research, Germany (BMBF); Contract/grant number: FKZ 13N8369.

molecular clustering. Micro-Raman mapping experiments
with sub-micro resolution of single bacteria cells were
performed by Rösch et al.5 From these Raman images, no
dependence on the spatial position of measurement was
observed, i.e. the bacterium shows spatial homogeneity. This
can be explained by the fact that bacteria normally exhibit
no compartments. However, yeast cells belong to eukaryotes
and micro-Raman mapping experiments on single yeast cells
performed by Huang et al.8 to study the mitosis revealed
inhomogeneities in the molecular distribution of the various
cell components. Therefore, the identification of eukaryotic
microorganisms is more complicated. In this paper, we
present a micro-Raman spectroscopic approach to overcome
the problems caused by compartmentalization, allowing
identification of yeast cells at the single-cell level.

EXPERIMENTAL

The Raman spectra were taken with a micro-Raman setup
(HR LabRam invers, Jobin-Yvon-Horiba). The spectrometer
has an entrance slit of 100 µm and a focal length of
800 mm and is equipped with a 300 lines mm�1 grating.
For excitation, 532 nm radiation from a frequency-doubled
Nd : YAG laser (Coherent Compass) with a laser power
of 10 mW incident on the sample was used. The Raman
scattered light was detected by a charge-coupled device
(CCD) camera operating at 220 K. A Leica PLFluoar ð100
objective focused the laser light on the samples (¾0.7 µm
focus diameter). For spatially resolved measurements, an

Copyright  2005 John Wiley & Sons, Ltd.
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x–y motorized stage (Merzhäuser) with a minimum possible
step size of 0.1 µm was used. For hierarchical cluster analysis,
the OPUS IDENT program was used. The full spectral range
(600–3500 cm�1) in combination with vector normalization
was used. Clustering was performed using normalization to
reproduction level in combination with Ward’s technique.

The yeast Saccharomyces cerevisiae (DSM 1334 and 70 449)
was purchased from the Deutsche Sammelstelle für Mikroor-
ganismen und Zellkulturen. Dry yeast was purchased from
a supermarket. They were cultivated on a universal medium
for yeast. Raman measurements were performed directly on
single cells from smears on fused silica plates.

RESULTS AND DISCUSSION

Raman mapping experiments were performed to test the
suitability of yeast cells for a single cell identification.5

Plate 1(A) shows three Raman spectra (a–c) recorded at
three different points within a single yeast cell in comparison
with the background spectrum (d), which was recorded
where no yeast cells could be found. In Plate 1(B) a
microphotograph of two yeast cells is presented. The
positions marked correspond to the location where the four
Raman spectra (a)–(d) in panel (A) were taken. Raman
mapping experiments over the area displayed by the white
square in Plate 1(B) were performed to determine the
spatial distribution of the various components within the
yeast cells. Plate 1(C)–(F) show four Raman images of four
representative Raman bands. The image shown in Plate 1(C)
is a result of integrating over the CH stretch vibration, being

a marker band for organic matter. The intensity distribution
of this band mirrors the different thickness of the yeast
cells. Plate 1(D) displays the intensity distribution of the
C O stretch vibration (1731–1765 cm�1) marking the lipid
fraction. Mapping over the amide I and the C C lipid
band (1624–1687 cm�1) yields the Raman image shown in
Plate 1(E). These Raman bands exhibit considerable intensity
only in confined areas. The phenylenic C C Raman band
(1567–1607 cm�1) can be only seen in the periphery of the
cells.

By applying a micro-Raman setup, one obtains a spatial
resolution of <1 µm. However, the heterogeneity of the
yeast cells [see the Raman images in Plate 1(C)–(F)] makes
it impossible to describe a yeast cell by a single Raman
spectrum. Therefore, to reach the goal of identifying a single
yeast cell, several Raman spectra recorded within a cell were
used to create an average spectrum. Figure 1(A) shows three
such average spectra of different yeast cells: (a) S. cerevisiae
DSM 70 449, (b) dry yeast and (c) S. cerevisiae DSM 1334). The
spectra are the result of averaging over 10 spectra per cell.
The 10 measurements were performed at different locations
inside the same cell. These average spectra were used to
perform a hierarchical cluster analysis [see Fig. 1(B)]. In
Fig. 1(B) the cluster for both S. cerevisiae DSM 1334 and DSM
70 449 shows high homogeneity. The cluster of the dry yeast
is more heterogeneous than those of the two S. cerevisiae, but
nevertheless very narrow. The two S. cerevisiae strains show
a higher similarity to each other than to the dry yeast. As
can be seen in Fig. 1(B), the average spectra cluster very well
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Figure 1. (A) Average Raman spectra from 10 different measuring points within a single yeast cell each for (a) S. cerevisiae DSM
70 449, (b) a dry yeast and (c) S. cerevisiae DSM 1334. (B) Hierarchical cluster analysis from the average Raman spectra.
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Plate 1. Raman mapping experiment on two single yeast cells (S. cerevisiae DSM 70 449). The Raman spectra (A) are characteristic
of different regions in the cells [see microphotograph (B)]. The false color plots display these distributions for different marker bands
in the cells. (C) 2849–2988; (D) 1731–1765; (E) 1624–1687; (F) 1567–1599 cm�1.
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and the three yeast species can be easily separated from each
other.

The results presented show that by averaging over 10
more or less statistically chosen Raman spectra recorded
within on different parts of a yeast cell, an identification
at the single-cell level via hierarchical cluster analysis is
possible. This proves that micro-Raman spectroscopy in
combination with classification methods allows for a fast
and reliable, non-destructive online identification of single
microorganism such as single bacteria5 and yeast. However,
owing to the inhomogeneous distribution of the various
components in eukaryotes, the identification procedure is
more complex than that for the identification of prokaryotes.5

In future experiments these methods should be applied to a
greater set of species also for other genera.

Acknowledgment
The funding of the research project FKZ 13N8369 within the
framework ‘Biophotonik’ by the Federal Ministry of Education and
Research, Germany (BMBF) is gratefully acknowledged.

REFERENCES
1. Freydiere AM, Guinet R, Boiron P. Med. Mycol. 2001; 39: 9.
2. Wenning M, Seiler H, Scherer S. Appl. Environ. Microbiol. 2002; 68:

4717.
3. Ngo-Thi NA, Kirschner C, Naumann D. J. Mol. Struct. 2003;

661–662: 371.
4. Maquelin K, Kirschner C, Choo-Smith LP, Ngo-Thi NA, van

Vreeswijk T, Stammler M, Endtz HP, Bruining HA, Naumann D,
Puppels GJ. J. Clin. Microbiol. 2003; 41: 324.
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INTRODUCTION

The identification of eukaryotic cells such as yeasts is

of high relevance not only in the medical area (differ-

ent Candida strains) but also for various food-related

areas (wine, beer, and bakery products). Routine anal-

ysis of microorganisms is based on differences in

nutrition and biochemical characteristics. This nor-

mally requires cultivation procedures as a cell mass

of 106–108 cells is necessary. In addition to these

conventional identification methods, enzymatic tests,

for example, allow identification of yeast cells in

about 5 h.1

Besides microbiologic methods, vibrational spec-

troscopy can be used to characterize microorganisms.

First, investigations on microorganisms with FT–IR

spectroscopy were performed by Naumann et al.2,3

This method leads to good results but needs dried mi-

crobial films from microorganisms cultivated by a

strict protocol.4,5 The use of a confocal Raman setup

allows the use of lower cell numbers and minimal

sample preparation. With this method it was possible

to identify yeast microcolonies.6,7

For a faster method without any cultivation step it

should be possible to investigate one single cell. With

micro-Raman spectroscopy, spatial resolution in the

submicrometer range can be achieved, which allows

the investigation of one single microbial cell. Single

cell investigations of yeast were performed by Xie

et al.8–10 using an optical trap in combination with

micro-Raman spectroscopy. This methods allows, e.g.,

the monitoring of the heat denaturation of a single

trapped cell.

Recently micro-Raman mapping experiments with

submicrometer resolution of single bacteria cell were

performed.11 From these Raman images no depend-

ency on the spatial position of the measurement was

observed, i.e., the bacterium shows a spatial homoge-

neity. This can be explained by the fact that bacteria

normally exhibit no compartments. Therefore one

bacterial cell can be described by a single micro-

Raman spectrum.

However, yeast cells as eukaryotes show no spatial

homogeneity. They have different compartments,

such as the nucleus or mitochondria, that can be shown

by micro-Raman mapping experiments.12–14 There-

fore, the identification of eukaryotic microorganisms

on single-cell level is more complicated.

In this contribution we show a possible identifica-

tion method of single yeast cells. By measuring line

scans of single yeast cells, representative information

of the whole cell can be achieved. Using average

spectra for the classification it is possible to identify

single eukaryotic cells. For a first approach different

species of the genera Saccharomyces and Candida
are used.

MATERIALS AND METHODS

The yeasts Saccharomyces cerevisiae (DSM 1334 and

70449), Candida glabrata (DSM 11226, 70614, and 70615),

and C. krusei (DSM 70075 and 70086) were purchased

from the Deutsche Sammelstelle für Mikroorganismen und

Zellkulturen (Braunschweig, Germany). The dry yeast was

purchased from a supermarket. They were cultivated on an

universal medium for yeast at 258C. The Raman measure-

ments were directly performed on single cells from smears

on fused silica plates.

The Raman spectra were taken with a micro-Raman

setup (HR LabRam invers, Jobin–Yvon–Horiba, Bensheim,

Germany). The spectrometer has an entrance slit of 100 �m,

has a focal length of 800 mm, and is equipped with a 300-

lines/mm grating. As excitation wavelengths the 532-nm

line of a frequency doubled Nd:YAG laser (Coherent

Compass, Dieburg, Germany) with a laser power of 10 mW

incident on the sample were used. The Raman scattered

light was detected by a CCD camera operating at 220 K. A

Leica PLFluoar 100� objective (NA 0.75) focused the laser

light onto the samples (approx. 7 �m focus diameter). For

the line scans an x/y motorized stage (Merzhäuser, Wetzlar,

Germany) with a minimal possible step size of 0.1 �m was

used.

For classification a support vector machine (SVM) was

used with a �-value of 1.1 � 10�7 and a cost value of

3.9 � 106. For the calculation the spectral range of 330–

3150 cm–1 was used without further preprocessing. SVM

is based on statistical learning theory.15 The SVM always

solves two-class problems. For discrimination of two

classes a hyperplane is defined in such a way that an opti-

mal discrimination between the two classes can be per-

formed.16 The classes are only defined by the so called

support vectors, which are the data points (here spectra)

with the most similarity to the other class and which are

used to define the hyperplane.17

RESULTS AND DISCUSSION

As shown previously,11 bacteria are homogeneous,

therefore one spectrum represents the whole bacterial

cell. In contrast to bacteria, yeasts as eukaryotes ex-

hibit compartments. This can be shown by Raman

mapping experiments14 in which different regions

inside the cell can be displayed. Here, the Raman

spectra are different depending on the investigated

position inside the yeast cell.

To enable single-cell analysis of yeast cells, it is

necessary to incorporate the varying information

from the whole cell. One method would be the use of

a microscope objective with lower magnification and

Single Eukaryotic Cell Identification Using Raman Spectroscopy 313
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therefore lower spatial resolution. However, with

this method it would not be possible to measure bac-

teria and yeast cells at the same time. Therefore, line

scans were performed along the main axis of the

cell. The inset of Figure 1 displays a microphoto-

graph of different yeast cells from dry yeast. The

dotted line indicates the line scan performed over

the main axis of one cell. The micro-Raman spectra

a–i are the different point spectra from the line scan.

Here, the dependency of the Raman spectra on the

position inside the yeast cell can be seen. The rela-

tive intensity of the signal at 1655 cm–1 with respect

to the peak at 1582 cm–1 varies especially. Spectrum

j is the corresponding average spectrum of the nine

Raman spectra (a to i). With this method it is possi-

ble to overcome the variations inside a yeast cell and

to obtain a Raman spectrum that represents the

whole cell.

In Figure 2 representative average spectra of nine

different yeast strains are displayed. The Raman

spectra of commercial dry yeast (a) are compared to

two S. cerevisiae strains [DSM 70499 (b), 1334 (c)].

From the genus Candida three strains of C. glabrata
[DSM 11226 (d), 70614 (e) and 70615 (f)] and two

of C. krusei [DSM 70075 (g) and 70086 (h)] were

measured. In the average Raman spectra different

chemical components can be identified: the signal at

1746 cm–1 can be assigned to the C¼¼O double bond

of esters, e.g., fatty acid esters. The amide I vibration

exhibits a band at 1665 cm–1, which can be seen as a

shoulder of the 1655 cm–1 band from a C¼¼C stretch-

ing vibration of a cis-isomer. Aromatic amino acids

and nucleic acid bases (G, A) give rice to Raman sig-

nals at 1599 and 1582 cm–1, respectively.10,18 The

broad band at 1440 cm–1 is due to CH2, CH3 defor-

mation vibrations. Glycogen exhibits vibrations at

1362, 1337, 1124, and 1083 cm–1,19 whereas the ring

breathing vibrations of phenylalanine and tryptophan

can be found at 1000 and 747 cm–1, respectively.10,20,21

For smaller yeast cells such as C. krusei DSM 70086

(h), signals from the fused silica substrate also can

be observed (Figure 2, asterisk). For S. cerevisiae
DSM 1334 (c) and the two C. krusei [DSM 70075 (g)

FIGURE 1 Micro-Raman spectra at different positions

on a dry yeast cell (a–i); average spectrum (j). (Inset)

Microphotograph of several yeast cells. The scan was per-

formed along the main axis as indicated.

FIGURE 2 Average Raman spectra of (a) dry yeast, (b)

S. cerevisiae DSM 70499, (c) S. cerevisiae DSM 1334, (d)

C. glabrata DSM 11226, (e) C. glabrata DSM 70614, (f)

C. glabrata DSM 70615, (g) C. krusei DSM 70075, (h)

C. krusei DSM 70086; *, fuse silica.
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and 70086 (h)], the signals of glycogen are very

intense. On the other hand the lipid bands can only be

observed for the dry yeast (a), C. glabrata DSM

70614 (e), and C. glabrata DSM 70615 (f).

For classification of the yeast strains with the help

of a support vector machine, 10 to 18 average

Raman spectra of each strain were used. In Table I

the recognition rate for each strain is summarized.

All average Raman spectra of C. glabrata DSM

70614 are classified correctly (10/10), whereas the

average Raman spectra of C. glabrata DSM 70615

show, at 60% (6/10), the lowest recognition rate of

all strains. This leads to an average recognition rate

of 86.2% (80/92) at strain level. Nevertheless, most

of the wrongly classified spectra from C. glabrata
DSM 70615 are classified to the correct species. At

species level the strain with the lowest recognition

rate is S. cerevisiae DSM 1334, with 81.8% (9/11).

At species level an average recognition rate of

94.8% can be obtained.

CONCLUSION

Eukaryotes such as yeast cells exhibit compartments

that can be observed in spatially dependent micro-

Raman spectra. In this study we demonstrate that it

is possible to overcome the heterogeneity problem

of eukaryotes by using average Raman spectra of

line scans from single cells. With this method the

varying information over the cell can be included in

the dataset and it is possible to use an average

Raman spectrum from one cell for classification of

the strain or species.
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Fast analysis of bioaerosols in clean room environments
is necessary in order to prevent contamination of phar-
maceutical products, minimize machine downtimes, or
both. The detection and identification of microbes will be
carried out in several steps: After impaction of the aerosol
on a surface, the particles are presorted with glancing light
illumination and fluorescence imaging in order to distin-
guish between abiotic and biotic particles. Since only the
biotic particles are of interest, the analysis time can be
minimized due to reduction of the data set. The biotic
particles are then analyzed further with Raman spectros-
copy and identified with a support vector machine.

Bioaerosols play a large role in a multiplicity of different
production processes. Especially the occurrence of bioaerosols
in hygienic productions is normally critical since they may
contaminate pharmaceuticals.1 Therefore, aerosol particles are
routinely monitored according to their number and particle size
distribution, and a distinction between abiotic and biotic particles
should be performed. Abiotic particles can be classified in organic
and inorganic particles. Inorganic particles might derive from
metal, metal oxide, building material, glass, ceramics, inorganic
excipients, etc., whereas organic particles might occur from
plastics, organic fibers, keratin, etc.1 The composition of organic
and inorganic particles can be analyzed by spectroscopic methods
such as energy-dispersive X-ray analysis or Raman spectroscopy.1

These methods so far only allow the identification of organic and
inorganic abiotic particles.

Biotic particles, on the other hand, might be pollen, mold,
yeast, bacteria, and viruses.1 Biotic particles are conventionally

analyzed by isolation and cultivation of microorganisms. The
subsequent identification with conventional bacterial identification
methods is based on morphological evaluation of the microorgan-
isms and their ability to grow in various media under different
conditions according to their biochemical properties.2 Depending
on the type of bacteria, the identification process may take one
day but generally is much longer.3 Various conventional methods,
e.g., enzymatic tests, exist allowing for an identification of yeast
cells in ∼5 h.4 However, these tests require a pure culture or are
not available for all species. Microbial detection methods have to
be rapid and very sensitive because even a single pathogenic
organism may be an infectious dose.2 Concerning the require-
ments, new analysis methods such as mass spectroscopy, poly-
merase chain reaction (PCR), flow cytometry, or fluorescence
spectroscopy were developed, allowing a fast and reliable identi-
fication or cell count.2,3

An alternative approach for the analysis of microorganisms is
vibrational spectroscopic methods. IR and Raman spectroscopy
reveal the spectroscopic fingerprint of microorganisms, revealing
their chemical composition. Using IR spectroscopy, Naumann et
al.5-18 were able to identify bacteria by analysis of colonies of a
few hundred cells from controlled cultivation conditions after a
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drying step. The drying step is not necessary by applying Raman
spectroscopy. Using UV-resonance Raman spectroscopy signals
of macromolecules such as DNA/RNA or proteins are selectively
enhanced. This allows the identification of the guanine-cytosine
relation to all DNA bases of bacteria.19-31 This technique is very
sensitive but also requires hundreds to thousands of cells.

For an in-line or at-line identification of single particles,
methods are required that can be used as single-cell analysis. The
surface-enhanced Raman spectroscopy technique allows the detec-
tion of minimal concentrations and therefore is particularly suitable
for the investigation of single microorganisms.32-34 Since the
microbes are in this case contaminated with heavy metal, e.g.,
silver colloid, it is not possible to use them in a second step for
conventional microbiological investigations. Raman spectroscopy
in combination with an optical tweezers also allows the investiga-
tion of single bacteria and spores,35-38 but here an enormous setup
is required. Conventional micro-Raman spectroscopy is reported
for the investigation of single bacteria39-42 and yeast cells43,44 as
well as spores.45 Recently we have demonstrated the identification
of single bacteria46 and yeasts47 on strain level by micro-Raman
spectroscopy in combination with support vector machines
(SVM).48

In this paper, we describe an approach for the fast, nondestruc-
tive, and very reliable analysis of bioaerosols. Here, the impacted
particles were monitored with fluorescence imaging in order to
obtain first information of biological particles. This steps dramati-
cally minimizes the particle numbers to be analyzed. In a second
step, only the biotic particles were analyzed and identified with
micro-Raman spectroscopy in combination with SVM. This com-
bination leads to an effective and fast tool for the identification of
microorganisms on the single-cell level.

MATERIALS AND METHODS
Bacteria and Growing Conditions. The microorganisms

were chosen when referenced in the UPSP or according to the
conditions present in clean rooms. The microorganisms Micro-
coccus luteus (DSM 348 and 20030), Micrococcus lylae (DSM 20315
and 20318), Bacillus subtilis (DSM 10 and 347), Bacillus pumilus
(DSM 27 and 361), Bacillus sphaericus (DSM 28 and 396),
Escherichia coli (DSM 423, 429, 498, 499, 613, 1058, and 2769),
Staphylococcus cohnii (DSM 6669, 20260, 6718, and 6719), Sta-
phylococcus warneri (DSM 20036 and 20316), and Saccharomyces
cerevisiae (DSM 1334 and 70449) were purchased from the
“Deutsche Sammelstelle für Mikroorganismen und Zellkulturen”.
Staphylococcus epidermidis (ATCC 35984 and 195) were purchased
from the Institut für Infektionsbiologie, Universität Würzburg. In
addition, commercial dry yeast was used. They were cultivated
on a standard or nutrition agar (Micrococcus and Bacillus) or on
CASO and CA (Staphylococcus) for different growing conditions,
such as time and temperature, respectively. To simulate samples
from clean rooms, the Raman measurements were directly
performed on single cells from smears on fused-silica plates.

Fluorescence Instrumentation. The fluorescence spec-
tra were measured between 400 and 900 nm with a cooled
CCD array spectrometer (AS&Co with Axioskop2 MAT, Zeiss)
with 1024 pixels and a 248 lines/mm flat field grating. A light
fiber guide launched the fluorescence signals of the samples from
a fluorescence microscope via a microaperture into the spectrom-
eter cartridge. The central wavelength of the excitation light was
365 nm.

Raman Setup. The Raman spectra were taken with a micro-
Raman setup (HR LabRam invers, Jobin-Yvon-Horiba). The
spectrometer has an entrance slit of 100 µm, a focal length of 800
mm, and is equipped with a 300 lines/mm grating. As excitation
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wavelengths, the 532-nm line of a frequency-doubled Nd:YAG laser
(Coherent Compass) with a laser power of 10 mW incident on
the sample was used. The Raman scattered light was detected by
a CCD camera operating at 220 K. A Leica PLFluoar ×100
objective focused the laser light onto the samples (∼0.7-µm focus
diameter). An integration time of 60 s was used for single bacteria
spectra.

Preprocessing and Classification As a preprocessing step,
the spectra were filtered with a median filter to remove (cosmic)
spikes. Afterward, the grid points of each spectrum are reinter-
polated with a bilinear interpolation. This step is necessary
because the grid points of some spectra vary due to different
systematic measurement conditions. All spectra were then limited
to the region of 550-3300 cm-1. For the classification of Raman
spectra, a support vector machine is used. Compared to other
classifiers (e.g., neural networks), support vector machines solve

a convex optimization problem and hence give a solution that is
a global optimum. Moreover, a SVM with a nonlinear (radial basis
function) kernel is used, so only two parameters (γ ) 5 × 10-6

and cost of 1 400 000) needed to be adjusted. For the training
process, the whole data set was normalized by subtracting the
mean value and dividing with the standard deviation of all spectra
for each grid point. This normalization is done to homogenize
the distribution of the training data. Finally, to get a robust
characterization of the data set, a leave-one-out test is applied.

RESULTS AND DISCUSSION
Micro-Raman spectroscopy allows measurements in hetero-

geneous samples with a spatial resolution of ∼1 µm. Therefore,
spectra of particles of this size are easily accessible with micro-
Raman spectroscopy and provide an optical fingerprint depending
on their chemical composition. Figure 1A shows a microphoto-

Figure 1. (A) Microscopic image of particles on a sample surface with corresponding micro-Raman spectra (B) of the particles (a, M. luteus;
b, melamine resin; c, PMMA; d, TiO2). (C) Schematic drawing of the OMIB identification principle.
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VERÖFFENTLICHUNGEN 105



graph of four different types of particles, which are all similar in
size and shape. Due to the high similarity, it is impossible to
distinguish between them by optical microscopy. As test par-
ticles, beads of melamine resin and poly(methyl methacrylate)
(PMMA), titanium dioxide, and Micrococcus luteus were chosen.
These are all particles that might be found as contaminants.
Exemplarily, 15 particles were chosen and their micro-Raman
spectra were recorded with an integration time of 60 s each. The
reference Raman spectra from the different particles are shown
in Figure 1B (a, M. luteus; b, melamine resin; c, PMMA; d,
titanium dioxide). Comparing the Raman spectra with reference
data, each of the 15 particles can be assigned to the 4 groups.
The particles in the microscopic image (Figure 1A) are labeled
according to their Raman spectroscopic characterization (see
Figure 1B).

Since each substance exhibits its own typical Raman spectrum,
the method enables an unambiguous identification of single
microparticles, but it is time-consuming. In typical clean room
samples, a large number of particles need to be analyzed.
Concerning microbiology, only the biotic particles are of interest,
which can be found in the range of 10-2-10-5 in the samples1

depending on the type of hygienic production (pharmacy, food,
cosmetics). Other sources determine the relation between air-

borne particles and bioaerosols between 1:1000 and 1:10 000.49

Analyzing all particles is therefore not recommended.

(49) N. N. Empfehlung zur hygienischen Abnahmeprüfung und zur hygienischen
Kontrolle nach DIN 1946 Teil 4. Hyg. Med. 1989, 14, 168-170.

Figure 2. (A) Fluorescence spectra of single particles (λex )
365 nm; a, B. subtilis; b, M. luteus; c, silicon carbide; d, corun-
dum; e, titanium dioxide); (B) microscopic image of a dust sam-
ple. a, bright light; b, glancing light; c, fluorescence image (λex )
365 nm, λem ) 460 nm); d, fluorescence image (λex ) 365 nm, λem )
515 nm).

Figure 3. Intensity histograms of fluorescence images of biotic and
abiotic particles for two different emission filters, centered at 460 nm
(A) and one at 535 nm (B). Biotic and abiotic particles can hardly be
distinguished based on the intensity histograms only. (C) Decision
value histogram for biotic and abiotic particles after feature extraction.
The particles can be separated more easily, based on the decision
values.
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To minimize the analysis time, a sorting method is necessary
to distinguish between biotic and abiotic particles. This method
is schematically displayed in Figure 1C. The bioaerosol is im-
pacted on a surface. In a first step (monitoring), biotic par-
ticles are investigated or analyzed by white light microscopy
and fluorescence imaging. In this step, the position, size, and
shape of the particles are determined. Here, it is possible to
distinguish between biotic and abiotic particles due to the different
fluorescence characteristics. This leads to a drastic decrease of
the amount of particles that needs to be analyzed. The biotic
particles are marked, and in a second step, micro-Raman spectra
are recorded only at these positions. The Raman spectra of the
biotic particles are compared with a database, resulting in the
identification of the microorganisms. Reducing the number of
spectra to be recorded leads to a drastic increase in analyzing
velocity.

The monitoring step utilizes different fluorescence character-
istics of biotic and abiotic particles. In Figure 2A, fluorescence
spectra with an excitation wavelength of 365 nm from different
particles are shown. As examples for biotic particles, single cells
of B. subtilis (a) and M. luteus (b) are chosen exemplarily. Their

spectra differ strongly from abiotic particles such as silicon carbide
(c), corundum (d), or titanium dioxide (e). This difference enables
the discrimination between biotic and abiotic particles. In Figure
2B, a typical sample, which contains yeast cells and dust particles
with different illuminations, is shown. Normal microscopy bright
light illumination (a) leads to an image in which only large
particles can be found due to the roughness of the sample carrier.
Using glancing illumination (b), the contrast is improved and
much more particles can be detected. Fluorescence illumination
with two different wavelengths (excitation 365 nm, detection (c)
460 and (d) 515 nm) leads to additional information, which allows
for the localization of the yeast cells. In the fluorescence images,
only the small amount of fluorescent particles can be seen.
Therefore, the total amount of particles is reduced, and preferably,
the biotic particles can be analyzed.

Afterward, the particle images are segmented, so that there
are one dark field image and two fluorescence images available
for each particle. Those three images are necessary because in
some critical cases the fluorescence information only is not
enough to discriminate between biotic and abiotic particles. This
can be seen in Figure 3, where intensity histograms for 338 biotic

Figure 4. Raman spectra from single bacteria and yeast cells of different strains (λex ) 532 nm).

Table 1. Classification of Micro-Raman Spectra of Single Bacteria

no. of
strains

no. of
spectra

no. of wrong
classified

strain spectra

recognition
rate for

strains (%)

no. of wrong
classified

species spectra

recognition
rate for

species (%)

B. pumilus 2 100 19 80.5 7 92.7
B. sphaericus 2 95 17 81.8 11 88.2
B. subtilis 2 348 12 94.0 8 96.6
E. coli 7 666 178 73.1 8 99.1
M. luteus 2 667 10 93.5 7 96.6
M. lylae 2 40 1 97.5 1 97.5
S. cohnii 4 260 20 92.2 11 95.8
S. epidermidis 2 879 9 97.6 9 97.6
S. warneri 2 138 11 92.1 4 97.2
S. cerevisiae 3 42 7 80.7 5 86.9

av recognition rate 3235 85.6 95.4
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particles (S. cohnii, B. sphaericus, M. luteus) and 301 abiotic
particles (titanium dioxide) are shown. Even when using the
fluorescence images based on two filters (460 and 535 nm), no
threshold can be found to separate the biotic and abiotic particles
completely. To improve the discriminatory capabilities, two
processing steps are applied. First, structural information is also
taken into account, and second, a SVM is used as a more advanced
classifier. This is achieved by calculating gray scale invariants50,51

for each particle on the dark field and fluorescence images. Those
invariants represent the particles based on their morphological
structure independently of their position and orientation. More-
over, the invariants can also link the three images of each particle,
so it is possible to combine spectral information contained in the
different images. Two point invariants are used, with a multiplica-
tive combination of the image points. Moreover, to take into
account different sizes of structural details of the particles, a
multiscale approach is applied. The invariants are used as features
for discrimination between biotic and abiotic particles via a SVM
classifier. The classification is based on decision values and a
threshold. Figure 3C shows the decision value histograms for the
same particles as above. Even when the range of the two
histograms overlaps, two distinctive peaks can be seen in the plot.
The amount of false classified particles can be controlled by a
weight value for the classifier. In the case shown, 1.5% of the biotic
particles was classified as abiotic (false negatives) whereas 34.5%
of the abiotic particles was classified as biotic particles (false
positives), while the weight was set to 0.3. Decreasing the amount
of false negative particles increases the amount of false positives
and the other way round. This means, that the separation of biotic
and abiotic particles can be carried out as a tradeoff between the
amount of the false positives and false negatives. This leads to a
reduction of the number of particles that need to be analyzed,
which finally results in a speedup of the overall processing time.

Particles marked as biotic are then analyzed in a second step
by applying micro-Raman spectroscopy. We have recently shown
that one Raman spectrum of a single vegetative bacterial cell is
sufficient for the identification.46 This is possible since bacteria
are homogeneous and one spectrum is therefore representative
for the whole cell. In Figure 4, micro-Raman spectra of different
single bacterial and yeast cells with an excitation wavelength of
532 nm and an integration time of 60 s each are shown. Most of
the spectra are very similar. Only the spectra of the colored
bacteria M. luteus are dominated by signals of their pigment
sarcinaxanthin. Additional signals due to the fused-silica plate (/)
can be seen in the spectra deriving from the sample holder
because of the very low sample volume of a single bacterium.
The poor signal-to-noise ratio, especially for the Raman spectra
of the E. coli, is a result of the low integration time. However, the
quality of the single-cell spectra shown in Figure 4 is sufficient
for an identification of the bacteria by means of a support vector
machine (see below and Table 1). Since time is a critical issue
for the analysis of clean room samples the overall investigation
time should be kept as short as possible. For identification, a
pattern recognition method is necessary in order to distinguish
between the different strains.

For classification, a support vector machine was used for the
3235 micro-Raman spectra of single microorganisms from 28
different strains and 10 species (see Table 1). Beside bacteria
spectra, yeast spectra47 are also included in the database. For the
identification of the yeast, Raman spectra from 5 to 10 positions
inside the cell were used to create a average spectrum (see Figure
4). This is necessary since yeasts as eukaryotes exhibit compart-
ments, and therefore, the cells are heterogeneous. To reach a
representative single spectrum from one cell, the average spec-
trum was used in the database. For the measurements, the micro-
organisms are always cultivated under different conditions such
as temperature, nutrition, or cultivation age. In the data set, addi-
tional information such as varying pigment concentration of, for
example, M. luteus is also included. In addition, from the Bacillus
strains, besides vegetative cells Raman spectra of bacterial spores
are also included in the data set. This approach can also used for
cell inclusions such as poly(hydroxybutyric acid). Due to the large
data set and the nonselective cultivation conditions, different states
of growth should be included in the database. This was done in
order to maximize the variability of the data set since the origin
of unknown microorganisms will not be known in analysis
samples.

Performing a classification with 3235 spectra of the 28 different
strains from 10 species (median filtering, normalization, Rbf-SVM,
leave-one-out test), we obtain 2951 correctly identified spectra on
the strain level (average recognition rate, 85.6%) and 3164 correctly
identified spectra on the species level (average recognition rate,
95.4%). All results on the single-cell level are summarized in Table
1. The lowest recognition rate on the strains is received for E.
coli with 73.1%. On a species level, on the other hand, E. coli shows
with 99.1% the highest recognition rate of all investigated species.
Here, the lowest recognition rate is from S. cerevisiae with 86.9%.
This leads to an average recognition rate of 95.4% on a species
level.

For identification of unknown single bacteria, an independent
set of different single bacteria from 16 strains, already included
in the database, are measured. These spectra were recorded
anonymously and then identified with the above-mentioned data

(50) Schulz-Mirbach, H. 17. DAGM-Symposium Mustererkennung, Reihe Infor-
matik aktuell; Springer-Verlag, Berlin, 1995; pp 1-14.

(51) Ronneberger, O.; Schultz, E.; Burkhardt, H. Aerobiologia 2002, 12, 107-
115.

Table 2. Identification of an Independent Data Set

strain
no. of

spectra
correctly
identified

identified
as

B. subtilis DSM 347 8 8
B. sphaericus DSM 28 8 8
B. sphaericus DSM 396 7 7
E. coli DSM 423 7 7
E. coli DSM 498 7 7
E. coli DSM 1058 20 17 E. coli DSM

499, 423,
and 2769

M. luteus DSM 20030 6 6
M. lylae DSM 20315 5 5
M. lylae DSM 20318 5 5
S. cohnii DSM 6669 8 8
S. cohnii DSM 6718 5 5
S. cohnii DSM 6719 5 5
S. cohnii DSM 20260 7 7
S. epidermidis ATCC 35984 7 7
S. epidermidis 195 20 18 S. warneri,

E. coli
S.warneri DSM 20036 5 5

identification 130 125
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set (see Table 2). From 130 spectra, 125 were correctly iden-
tified. Three spectra that were known to be E. coli DSM 1058
are identified as different E. coli strains. Therefore, the correct
species was always identified. Two spectra of S. epidermidis 195
were identified as S. warneri and E. coli, respectively, which is
the wrong species or even the wrong genus. This test demon-
strates that from the 130 independent Raman spectra 96.2%
were identified correctly on a strain level and 98.5% on a species
level. A comparison between the rate of correctly identified
samples according to conventional identification methods includ-
ing Gram strain, identification using PCR, and this new tech-
nique will have to be performed in order to evaluate the above-
mentioned numbers. For this purpose, the measured samples will
be cultivated and then identified with different microbiological
methods.

The spectroscopic identification method is realized as an
analytical instrument in which the monitoring and identifica-
tion routine is integrated and performed automatically. Only the
sample holder is inserted manually. Figure 5 shows the setup
where both the monitoring step with glancing light illumina-
tion and the Raman identification are inserted. The upper left
inset shows a closeup of the microscopic setup, which is used
for visible inspection of the sample surface and for fluor-
escence monitoring. The filter wheel allows us to rotate various
fluorescence emission filters into the optical path of the mi-
croscope to discriminate between different fluorescence behavior
of the particles. The dichroic beam splitter, shown in the inset,
folds the Raman optical train on the optical axis of the optical train
of the microscope. This confocal setup allows us to focus the
Raman excitation laser beam at a precisely known position in the
field of view of the microscope. The sample transport wheel

transports the sample filter roughly under the focus plane of the
confocal Raman microscope. A high-precision actuator grabs the
sample and allows us to position it relative to the microscope and
Raman focus, respectively, with a high accuracy and repeatability
in x and y. If a particle is detected as a potentially relevant
bioparticle through microscopy (size, shape) and fluorescence
microscopy (fluorescence emission), the sample stage moves
this particular particle exactly under the Raman focus spot.
The measurement procedure implemented in the demonstrators
hard and software subsequently automatically measures Raman
spectra of all particles, which were found to be of relevance.
Number, size, shape, fluorescence behavior, and Raman spec-
trum are stored in a log file and allow us to derive statistical
information about the contamination on the sample. Additionally
when this data set is transferred to the support vector machine,
the individual particles can be identified with high precision.
Through the automation of the whole process, a large number of
particles can be monitored in a short time and the identification
of individual bioparticles within this process is a matter of a few
minutes.

CONCLUSIONS
With these investigations, we provide the scientific background

for a fully automated device, which allows identification of bacterial
contamination in clean room environment on a single-cell level.
The combination of fluorescence imaging and Raman spectroscopy
allows for a reduction in the amount of particles that need to be
analyzed. Therefore, the total investigation time can be minimized.
For commercial application in clean room environment, in addition
to the above-mentioned strains, strains isolated directly in the
clean rooms need to be implemented in order to adapt the data

Figure 5. Fully automated OMIB laboratory demonstrator, including visual and fluorescence microscopic setup and a Raman setup with
fiber-coupled spectrometer.
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set to the particular requirement. With these strains, both the
microscopic images (glancing light illumination and fluorescence
images) and the Raman spectra of the particular particles are
necessary for the data set. An extension of the reference data set
will lead to a special adaptation on the particular application and
allow the detection of outliers (e.g., unknown microbes) that are
not known to the data set. With these data, it will be possible to
provide a fast and easy to handle tool for the monitoring of clean
room contamination.
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This contribution provides a new approach for single blood cell analysis in cerebrospinal fluid (CSF) with the possibility of 
utilizing simultaneously on the same sample the unique capabilities of the two methods fluorescence staining and Raman 
spectroscopy. By doing so this technique enables the potential of accurate and rapid cell identification in order to determine 
cell parameters immediately (e.g. the study of the level of activation or phagocytosis activity of single blood cells). 
Fluorescence labeling of blood cells offers the great possibility of differentiating easily between the subtypes of white blood 
cells, while Raman spectroscopy reveals molecular fingerprint information with a spatial resolution down to the diffraction 
limit. Compared to an unstained cell, the presented results nicely demonstrate that the selected fluorescence dye does not 
influence the Raman spectrum of a labeled blood cell notably. By the combined application of Raman spectroscopy and 
statistical data analysis a distinction between white blood cell substructures could be performed. Since several blood cell 
types also differ in the amount of their cell components, differentiation between several blood cell types is also possible 
when one blood cell is described in the database by several Raman spectra according their presented sub-microscopic 
structures. This capability with the possibility of accurate and rapid blood cell identification in cerebrospinal fluid is 
extremely promising for implementation in clinical diagnostics. 

Introduction  

The cerebrospinal fluid (CSF) is the major specimen in the diagnosis of acute and chronic diseases of the central nervous 
system (e.g. for the identification of bacterial, viral or fungal infections of the central nervous system such as bacterial 
meningitis).1 CSF of healthy adults contains no erythrocytes and up to five leukocytes per microliter. The change of the 
healthy clear and colorless appearance of the CSF to a differing color and turbidity warrants investigation according to the 
analysis of its cellular components. That includes cell counts and differentiation of liquor cells. Furthermore, CSF analysis 
incorporates bacterial differentiation for the diagnosis of infectious diseases after cultivation if bacterial cells are present in 
the smear. Recent CSF diagnosis is based on flow cytometric analysis2–4 and morphological analysis, if necessary after 
staining of specific structures in a fixed cell.5 A basic problem of laboratory medical diagnosis is low sensitivity (e.g. Gram 
staining of micro-organisms correlates with the bacterial concentration).6–8 Further difficulties are the limited specificity (by 
malignant blood cells) and the requirement of a huge number of cells, making enrichment of particular cell populations 
necessary by cultivation (e.g. micro-organisms, clonal enrichment of blood cells).9 Furthermore, the diagnosis depends on 
manual CSF cytology for quantitative and qualitative analysis of blood cells based on an individual personnel variability and 
a high staff binding. Altogether there is a restriction of rapid identification such that these diagnostic difficulties can result in 
a therapy delay. 

To overcome these diagnostic complications micro-Raman spectroscopy is a capable alternative and reliable approach of 
rapidly characterizing biological samples since it yields structural fingerprint information of the investigated sample.10 
Raman spectroscopy offers important advantages as an analytical tool. The combination of a Raman setup with a 
microscope offers the possibility of achieving a high spatial resolution in the range of 1 m. By doing so, mapping 
experiments of several structures within one eukaryotic cell11,12 or even the examination of bacteria on a single cell level13–16 
becomes possible. A confocal Raman arrangement enables the Raman signal from a small volume element in the sample to 
be separated from the signals originating from the surrounding material.17,18 While the Raman effect suffers from its low 
sensitivity, a variety of Raman signal-enhancing methods exists, where the two most important ones are surface-enhanced 
Raman scattering (SERS) and UV-resonance Raman (UVRR) spectroscopy. Applying UVRR spectroscopy for the analysis 
of biological samples Raman signals of aromatic amino acids of proteins and DNA are selectively enhanced. Furthermore, 
owing to the resonance enhancement the scattering intensity increases up to 106, making UVRR an extremely useful 
approach to study samples containing high amounts of protein such as human plasma19 and/or DNA.20  

The first Raman investigations on human cells were performed on eosinophil granulocytes, showing the possibility of 
differentiating between cell plasma and nucleus.21 Further Raman studies were accomplished for the identification of several 
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cell components in granulocytes and lymphocytes.22–25

A lot of studies dealt with Raman investigations on erythrocytes. Hereby Raman spectra are reported for single red blood 
cells in the oxygenated and deoxygenated state using different excitation wavelengths.26–29 Furthermore, the Raman micro-
imaging technique was utilized for the identification of markers for heme aggregation.30 The results of polarized Raman 
measurements indicate that a distinct ordering of hemes exists in the functional red blood cell.31 Further Raman studies were 
performed on erythrocytes for the in situ localization of the malaria pigment hemozoin.32  

Moreover, several Raman analysis approaches for the determination of the distribution of DNA33 and RNA34 in 
embryonic stem cells as well as the distribution of proteins and DNA in apoptotic cells are known.35  

The aim of the work presented within this study is to elucidate if it is possible to characterize cells by means of 
fluorescence staining to differentiate between cells in combination with Raman spectroscopy to gain additional molecular 
information on the investigated cells. Our major interest in the analysis of CSF concerns a fast differentiation between single 
blood cell types independently of the investigating person. In many cases CSF contains just a small number of cells, while 
specific populations may be increased during some diseases, e.g. meningitis. Conventional diagnostic strategies are 
characterized by several shortcomings, in particular by inter-individual variations between manually performed CSF 
cytology. The development and evaluation of non-microscopic, automated diagnostic procedures is thus strongly required. 
To that purpose we used a Raman spectroscopic approach which focuses first on the analysis of blood cells isolated out of 
whole blood as a model system to determine several important methodological parameters, e.g. for fluorescence staining and 
the choice of antibodies for specific labeling of several cell types. In a next step this knowledge will be transferred to our 
target system CSF. 

Fluorescence microscopy has become an essential tool in cell biology and the biomedical sciences due to attributes that 
are not readily available in phase contrast microscopy. In this contribution, in a first attempt, fluorescence labeling of a 
clinical specimen of blood is required since unstained samples lead to a low contrast yielding uncertain and unreliable 
results. Selective fluorescence staining allows the direct visualization and detection of specific blood cells depending on the 
applied antibody. The application of an array of fluorescence labels has the potential for the conduction of parallel 
measurements where different probes can concurrently identify several target molecules simultaneously. Furthermore, such 
a multiplex approach made it possible to identify cells and sub-microscopic cellular components with a high degree of 
specificity in the midst of non-fluorescing probes.36  

The application of Raman spectroscopy subsequent to specific fluorescence staining results in a powerful biomedical 
assay since the molecular composition of subcellular compartments within a cell can be easily localized by means of the 
specific Raman fingerprint. 

Experimental  

Sample preparation  

Samples were prepared in the Institute of Clinical Chemistry and Laboratory Diagnostics of the Friedrich-Schiller-
Universität Jena, Germany. Samples of whole blood were prepared as smears or spotted onto fused silica plates. Samples 
extracted from CSF were brought onto fused silica plates by cytocentrifugation in order to achieve cell enrichment. 

Fluorescence observation  

The localization and evaluation of the success of the fluorescence labeling process concerning completeness and intensity 
was performed with the fluorescence microscope Axio Imager Z1 (Carl Zeiss AG, Germany) equipped with the camera 
AxioCam HR 8193, the ocular PI 10×/25 and the objective EC Apiplan-Apochromate 50×/0.95 HD DIC. 

Spectroscopic instrumentation  

Micro-Raman spectra were obtained with a micro-Raman setup (HR LabRAM invers system, Horiba/Jobin-Yvon) equipped 
with a 300 lines mm−1 grating and an inverse microscope (Olympus BX41). For Raman excitation a frequency doubled 
Nd:YAG laser (Coherent), providing 532 nm with a laser power of about 10 mW incident on the sample, was used. The 
Raman scattered light of single blood cells was collected by a Leica PLFluoar objective (100×/NA = 0.75) and detected by a 
thermoelectrically cooled charge coupled device (CCD) camera operating at 220 K. 

The localization of the fluorescence-labeled blood cells is realized by means of Olympus U-MWIBA3 fluorescence 
filters (excitation: BP 460–495 nm and emission: BA 510–550 nm). Micro-Raman experiments were performed on single 
cells within an accumulation time between 10 and 60 s depending on the Raman signal intensity of the investigated cell. 

Results and discussion  

In this contribution the first characterization of unstained and fluorescence-stained blood cells by means of Raman 
spectroscopy is presented. In a first set of experiments blood cells isolated from whole blood were studied as a model system 
to determine decisive parameters for a successful combination of fluorescence-labeled antibodies and Raman spectroscopy. 
Secondly, blood cells extracted from their real environment – the CSF – were investigated to prove if the CSF matrix 
influences the applicability of Raman spectroscopy. 

Since CSF is normally poor in numbers of cellular components, samples were prepared by cytocentrifugation for cell 
enrichment. Fig. 1(A) shows a representative microscopic image of cells extracted from CSF that were brought onto a fused 
silica plate by cytocentrifugation. Fig. 1(B) presents characteristic Raman spectra for several measuring positions of 
different cells shown in the image of 1(A). As can be seen the cells show several morphological shapes and the Raman 
spectra recorded at positions (d) and (e) differ significantly in intensity and band profile compared to the Raman spectra (a)–
(c). The Raman signatures of the latter cells exhibit differences among each other, albeit slightly, due to the biochemical 
heterogeneity of these cells. Their Raman spectra (a)–(c) can be attributed to leukocytes. The Raman spectra (d) and (e) 
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feature typical characteristics of spectra arising from erythrocytes, although both cell exhibit different shapes. The Raman 
excitation wavelength of 532 nm leads to resonantly-enhanced signals due to the hemoglobin chromophore. The resonance 
Raman-enhanced bands at 1588, 1127 and 745 cm−1 can be assigned to several symmetric and asymmetric stretching 
vibrations of C  of the pyrrole ring in combination with the bridge atom Cm between the rings.28,29 Switching the Raman 
excitation wavelength in the non-resonance region of the hemoproteins in erythrocytes or leukocytes, Raman spectra are 
comparable or did not contain any significant information. 
 

 
In routine diagnostic procedures different subtypes of leukocytes were identified by CSF cytology after Pappenheim-

staining of the cells. In Fig. 2(A) a microscopic image of such stained cells of CSF is depicted. The cells can be well 
distinguished by the size and the shape of the colored granules. However, as can be seen in Fig. 2(B) the fluorescence of the 
applied dyes masks the Raman signal of the cells for a Raman excitation wavelength of 532 nm. Hence, Pappenheim-stained 
leucocytes are unsuitable to be investigated by Raman spectroscopy with an excitation wavelength of around 532 nm. 
 

Fig. 1 (A) Microscopic image of blood cells extracted from 
CSF brought onto a fused silica plate by cytocentrifugation. 
(B) Two groups of Raman spectra of blood cells with 
different shape but similar spectra. Raman spectra of 
leukocytes (a–c) compared with Raman spectra of 
erythrocytes (d and e).

Fig. 2 (A) Bright-light image of Pappenheim-stained blood 
cells isolated from CSF. (B) Raman spectra of a 
Pappenheim-stained blood cell (b) compared with a 
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In order to differentiate between leukocytes, fluorescence labeling was applied to whole blood to determine several 

parameters for fluorescence staining and Raman spectroscopic measurements. In Fig. 3(A) a microscopic image of a smear 
of whole blood is shown that is dominated by erythrocytes (a) and just a few leukocytes (b and c). It is not possible to easily 
differentiate between the subtypes of the white blood when they are unstained. In order to distinguish between the white 
blood cells we used fluorescence staining, applying CD-15 fluorescein isothiocyanate (FITC)-labeled antibodies. CD-15 
antibodies can be used for identifying granulocytes (>95%) including neutrophils and eosinophils. In addition, CD-15 is 
expressed in varying degrees on monocytes. CD-15 is not expressed on erythrocytes, platelets, lymphocytes or basophils. 
On the basis of the natural existence of white blood cells in blood, mostly neutrophils and just a few monocytes will be 
stained with FITC-CD-15 antibodies. Fig. 3(B) shows the fluorescence image of one stained (FITC-CD-15) leukocyte (b) as 
well of one unstained (c) leukocyte. 
 

 
For an exclusive characterization of white blood cells, blood samples were treated with lysis buffer where the 

erythrocytes were lysed and removed prior to CD-15 fluorescence staining. This sample preparation allows for, besides a 
specific fluorescence labeling of leukocytes, achieving additional molecular Raman information on the isolated leukocytes. 
In Fig. 4(A) a bright-light image is shown and compared with the fluorescence image in Fig. 4(B) of fluorescence-stained 
(FITC-CD-15) white blood cells spotted onto a fused silica plate. 
 

background Raman spectrum of the dye (a).

Fig. 3 Bright-light image (A) and fluorescence image (B) of 
blood cells of a smear of whole blood that is dominated by 
erythrocytes (a) and some fluorescence-stained (FITC-CD-
15) (b) and unstained leukocytes (c).

Fig. 4 Sample of whole blood treated with lysis buffer to 
remove erythrocytes. (A) Bright-light image of white blood 
cells extracted from whole blood treated with lysis buffer 
spotted onto a fused silica plate. (B) Fluorescence image of 
white blood cells extracted from whole blood treated with 
lysis buffer spotted onto a fused silica plate; white circles 
mark unstained blood cells. (C) Raman spectra of a 
fluorescence-stained (FITC-CD-15) leukocyte (a) compared 
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In the microscopic image [Fig. 4(A)], besides the two cells (a) and (b) additional cell fragments can be found as well as a 

lysed cell (c). In the fluorescence image [Fig. 4(B)] just one cell (a) in the middle is fluorescent while the two other cells are 
not (b and c) (indicated with a circle). Several Raman spectra of a fluorescence-stained (a1 and a2) and unstained cell (b1 
and b2) at different measuring points were recorded. These Raman signals are shown in Fig. 4(C) where the corresponding 
Raman spectra are compared. There are two major spectral groups where the Raman spectra are dependent on the measuring 
position but independent of whether the cell is unstained or fluorescence stained. The Raman bands at 1552 and 1125 cm−1 
exhibit different intensities in the spectra (a2) and (b2) compared to (a1) and (b1). These two Raman bands can be attributed 
to enhanced contributions of proteins. The mode of 1125 cm−1 can be assigned to C–N and C–C stretching vibrations of 
proteins.37,38 The peak around 1552 cm−1 results from the C2–C3 stretching mode of the pyrrole ring from tryptophan.39 To 
corroborate the assumption that the fluorescence stain used (FITC) leaves the Raman spectrum of fluorescence FITC-CD-15 
antibody-labeled leukocyte unaltered, its influence was investigated by measuring the fluorescence-labeled FITC-CD-15 
antibody directly. For Raman analysis, the fluorescence-labeled FITC-CD-15 antibody was spotted onto fused silica plates 
and dried before measurement. Initially its Raman spectrum is masked by the fluorescence of the dye (Fig. 5c). After a 
prolonged laser exposure the fluorescence of the fluorescence-labeled FITC-CD-15 antibody is quenched and bands of this 
antibody of the class IgM are visualized. Fig. 5b represents the corresponding Raman spectrum of the FITC-CD-15 antibody 
that is compared with an average Raman spectrum of five FITC-CD-15-labeled leukocytes in Fig. 5a. FITC-CD-15 
antibodies deliver similar signals as FITC-CD-15-labeled leukocytes, except for an additional band at 936 cm−1 that does not 
appear in the average Raman spectrum of the FITC-CD-15-labeled leukocytes. Nevertheless, the fluorescence-stained FITC-
CD-15 antibody is used in practice with a much lower concentration than in this experiment. Therefore, this label has no 
interfering influence on the Raman spectrum of the leukocytes independently if it is present in solution or bound to the cell 
surface. 
 

 
These investigations showed that Raman spectroscopy can be applied to fluorescence-stained blood cells. Selective 

fluorescence staining allows for the direct localization and identification of blood cell types with a high degree of specificity 
in the midst of numerous cells. The application of Raman spectroscopy subsequently provides additional molecular 
information about subcellular compartments within a cell. However, Raman spectra are very often masked by the competing 
process of fluorescence, having a higher intensity of about ten orders of magnitude. The fluorescence dye FITC has an 
absorption maximum of 495 nm and an emission maximum at 517 nm. Since the absorption maximum of the fluorescent 
dye is about 37 nm away from the Raman laser excitation wavelength of 532 nm, no fluorescence of the dye is excited. 
Therefore, well-resolved, fluorescence-free Raman spectra can be recorded of fluorescence-labeled blood cells. Thus we 
could demonstrate that by using an appropriate fluorescence dye and a Raman excitation wavelength far away from the 
absorption region of the dye, it is possible to gain Raman spectra of labeled cells without any interference by the dye itself.40  

In a next step we investigated leukocytes isolated from CSF to determine the spatial distribution of the various 
components within the cell by means of Raman mapping experiments. Furthermore, we studied whether or not the native 
CSF environment proves to be an appropriate matrix for measuring cells by Raman spectroscopy. In Fig. 6(A), a 
microscopic image of two unstained CSF-leukocytes brought onto a silica plate by cytocentrifugation is shown. Raman 
point mapping experiments were performed by recording Raman spectra in the red marked area. The corresponding Raman 
spectra are shown for the wavenumber region of 2500–3300 cm−1 in Fig. 6(B) and for the fingerprint region between 600 
and 1800 cm−1 in Fig. 6(C). It can be seen that the Raman spectra depend on the measuring position within the cell. Three 
different kinds of Raman spectra, characteristic of various regions in the cell, were observed that can be assigned to certain 
molecular substances. Raman spectrum (a) corresponds to a DNA spectrum that shows typical Raman DNA bands at 725, 

with an unstained leukocyte (b).

Fig. 5 Influence of the fluorescence stain FITC on the 
Raman spectrum of a fluorescence FITC-CD-15 antibody-
labeled leukocyte: a: average Raman spectrum of five FITC-
CD-15-labeled leukocytes; b: Raman spectrum of a 
fluorescence-labeled FITC-CD-15 antibody after 
fluorescence quenching with treatment by laser exposure; c: 
Raman spectrum of a fluorescence-labeled FITC-CD-15 
antibody masked by the fluorescence of the fluorescence 
dye.
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781, 1334, 1373, 1480 and 1575 cm−1. Raman spectrum (b) shows characteristics of a Raman spectrum obtained when 
analyzing lipids with pronounced bands at 1301, 1437, 1654 and 1744 cm−1, and spectrum (c) can be assigned to proteins 
with marker bands at 1001, 1447 and 1553 cm−1. The bands around 1654 and 1250 cm−1 are due to the amide I and amide III 
bands. In Fig. 6(D), false color plots showing the distribution of different marker bands within the cell are depicted. To map 
the DNA distribution the Raman band in the range of 1559–1584 cm−1 was integrated, showing that the left cell exhibits a 
segmented cell nucleus and differs morphologically from the right cell which possesses a compact intracellular nucleus. 
Probably, both cells can be attributed to granulocytes since granulocytes are the dominant blood cell types during bacterial 
meningitis, and granulocytes change from the compact cell shape to a segmented shape when they grow old. 
 

 
In the middle of Fig. 6(D) a false color plot depicting the lipid distribution within the cell (integrated wavenumber 

region: 1278–1314 cm−1) can be seen while the image on the right-hand side presents the false color plot of proteins by 
integrating over the phenylalanine and tryptophan bands in the range of 984–1015 cm−1. 

The false color plots presented above demonstrate the spatial distribution of the various components of proteins, DNA 
and lipids within the leukocytes by integrating over the respective marker bands. Often these marker bands are 
superpositioned by neighboring signals and therefore the intensity information may be obscured. For an increased 
informational value a chemometric analysis is required. Hence two chemometric analysis methods, namely hierarchical 
cluster analysis (HCA) and principal component analysis (PCA), were applied to the Raman spectra of the leukocyte 
(extracted from CSF) marked by the red square in Fig. 7(A) placed on a quartz plate. 
 

Fig. 6 Raman mapping experiment on two single leukocytes 
extracted from CSF. (A) Microscopic image of blood cells 
brought onto a fused silica plate by cytocentrifugation. (B) 
and (C) Corresponding Raman spectra for the spectral region 
of 2500–3300 cm−1 (B) and for the fingerprint region of 600–
1800 cm−1 (C). (D) The false color plots display these 
distributions for different marker bands in the cell base on 
baseline-corrected spectra. DNA: 1559–1584 cm−1; lipids: 
1278–1314 cm−1; proteins: 984–1015 cm−1.
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Prior to the chemometric analysis of the Raman spectra, the first derivative of the spectra (Savitzky–Golay, 13 smoothing 

points) was calculated to realize both a background correction and a signal-to-noise ratio enhancement. The final data pre-
processing step consisted of a vector normalization of the spectra. With this pre-treated data set, HCA was employed and the 
spectral region of 660–1816 cm−1 and 2747–3162 cm−1 was chosen for a classification of the spectra. For the hierarchical 
cluster analysis the program package Opus Ident 3.1  (Bruker Optics, Ettlingen, Germany) was used accounting with the 
Normalization to Reproduction Level method and Ward's algorithm for calculating the spectral distances and cluster 
grouping. Fig. 7(D) shows the result of the hierarchical cluster analysis of the leukocyte displayed in the red square in Fig. 7
(A). The dendrogram displays a clear separation between the extracellular space (quartz background) and the cell periphery. 
Furthermore, DNA-rich regions (nucleus) and protein-rich regions (cytoplasm) are well divided from the lipid-rich domains. 

To prove the classification correctness an HCA image displayed in Fig. 7(C) was constructed from the dendrogram of the 
hierarchical cluster analysis, thereby visualizing areas with high Raman similarities. The cluster of the extracellular space 
(black) and the cell periphery (dark green) delimit the cell from the surroundings in good accordance with the microscopic 
image in Fig. 7(A). Additionally, the spatial distribution of the three intracellular components is displayed. High 
concentrations and therefore strong contributions from the corresponding marker bands to the Raman spectra are found for 
proteins, DNA and lipids in the light green, brown and red clusters, respectively. The resemblance to the intensity-correlated 
false color plots in Fig. 6(D) and Fig. 7(B) is apparent. 

For a principal component analysis (PCA) the software The Unscrambler® (CAMO Process AS; Version 9.2, 

Fig. 7 Raman mapping experiment on two single leukocytes 
extracted from CSF. (A) Microscopic image of a 
chemometrically analyzed leukocyte extracted from CSF and 
brought onto a quartz plate. The area enclosed by the red 
square was used for chemometric analysis. (B) 
Corresponding false color plot constructed in the 1301 cm−1 
band of lipids. (C) Corresponding HCA image partitioned 
into five clusters correlating with the extracellular space 
(black), cell periphery (dark green), cytoplasm (protein-rich 
domains; light green), nucleus (DNA-rich domains; light 
brown) and lipid-rich regions (red). (D) Hierarchical cluster 
analysis of the left leukocyte; the dendrogram displays a 
clear separation between the extracellular space and cell 
periphery as well as from DNA, proteins and lipid-rich 
domains. This classification served as a basis for the HCA 
image (C). (E) Scores plot of the first two principal 
components PC1 (53% of the total variance) and PC2 (17% 
of the total variance) of the Raman spectra of different 
positions within the left leukocyte. (F) Loading plot of the 
second principal component PC2 (17% of the total variance) 
highlighting regions associated with large loadings.
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Reutlingen, Germany) was applied. This software uses a cross-validation to verify the results. For PCA, calculation 
spectra of the extracellular space (quartz background) and spectra with a poor signal-to-noise ratio were removed from the 
data set prior to chemometric analysis on the basis of an intensity threshold of the band at 2932 cm−1 of around 5000 counts. 
Hereby, the original and vector-normalized Raman spectra were used for calculation. The spectral regions of 660–1816 and 
2747–3162 cm−1 were chosen. After this calculation, further spectra of the cell periphery were excluded concerning the 
grouping in the scores plot (not shown here). With the remaining Raman spectra a recalculation was performed. Fig. 7(E) 
displays the scores plot of the first two principal components PC1 (53% of the total variance) and PC2 (17% of the total 
variance) of the Raman spectra of different positions within the leukocyte shown in the red square in Fig. 7(A). It is possible 
to separate lipid-rich domains from DNA and proteins within the cell along the axis of the second principal component PC2. 
The loading plot provides information on the variables (wavenumbers of the spectrum) that are important for group 
separation. The loading plot of the second principal component PC2 (17% of the total variance) highlighting regions 
associated with large loadings is presented in Fig. 7(F). The spectral regions of 1122, 1294, 1434, 1650 and 1744 cm−1 show 
positive loadings and are correlated with lipid information. The wavenumber regions with the negative loadings of 722, 775, 
1331, 1370, 1479 and 1573 cm−1 represent both DNA and proteins bands. 

In summary, the Raman mapping experiments of erythrocyte-free CSF samples showed that the CSF matrix does not 
influence the Raman measurements. Moreover, the chemometric evaluation by means of a hierarchical cluster analysis and 
principal component analysis showed that it is possible to characterize a single leukocyte concerning the distribution of the 
intracellular components of proteins and DNA from lipid-rich domains within a cell. With the HCA a further separation of 
proteins, DNA and lipid domains from the cell periphery and the extracellular space (quartz background) could be 
demonstrated. For further investigations, blood cells in CSF will be fluorescence-stained and labeled with specific 
antibodies to create a database capable of differentiating and identifying fluorescence-labeled blood cells by means of 
Raman spectroscopy in combination with statistical data evaluation. 

Conclusions  

This contribution reports on a successful application of selective fluorescence staining for the identification of blood cells in 
combination with Raman spectroscopy to gain additional information on the composition of subcellular components within 
a cell. Since the absorption maximum of the fluorescence dye (495 nm) is at least 37 nm away from the Raman laser 
excitation wavelength (532 nm) it is possible to record unaltered Raman spectra of fluorescence-stained blood cells isolated 
from whole blood that are not masked by fluorescence. 

Firstly, blood cells isolated from whole blood were studied as a model system to determine several parameters for 
selective fluorescence labeling and analysis by means of Raman spectroscopy. For further characterization and 
differentiation, additional fluorescence stains linked to different antibodies have to be tested which allow for specifically 
staining other blood cells such as monocytes or lymphocytes. This will facilitate the setup of a database containing Raman 
characteristics of several cell types, enabling specific differentiation of certain types of blood cells. 

The results presented above demonstrate that the CSF environment has no crucial influence on the Raman measurements. 
By means of hierarchical cluster analysis and principal component analysis a single leukocyte could be characterized 
regarding the intracellular distribution of proteins and DNA that could be separated from lipid-rich domains within the cell. 
Moreover, by means of the HCA an additional separation between the extracellular space (quartz background) and the cell 
periphery from proteins, DNA and lipid domains could be achieved. However, next to the differentiation of sub-microscopic 
components within a single blood cell, a separation between white blood cell types by means of a combination of Raman 
spectroscopy and multivariate statistical data analysis is also possible when these different cell structures can be compared 
with a database since several blood cell types differ in their amounts of inner microscopic components such as proteins, 
DNA/RNA, carbohydrates, lipids or the presence of endogenous dyes. Hereby one blood cell has to be described not only by 
one but by several Raman spectra according to their presented sub-microscopic structures. 

For further investigations, fluorescence labeling of specific blood cell types with several antibodies will be applied to our 
target system CSF. After successfully applying the former approach (fluorescence labeling of blood cells isolated from 
whole blood) in the real CSF environment, Raman spectroscopic analysis will be performed on unknown blood cells 
isolated from CSF for identification by means of multivariate chemometric methods based on well-trained data sets. In 
future work we will also study the rather highly complex eukaryotic cell growth process, since the database for the 
identification of unknown blood cells has to contain not only several cell types but also different ages of such cells. 
Furthermore, additional information such as the level of activation or phagocytosis activity of distinct cells (e.g. monocytes, 
granulocytes) may be gained. 
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INTRODUCTION

There is a wide array of pathophysiological conditions

that can be present with a luminal platelet aggregation

leading to a microangiopathic phenotype, all of which

are characterized by thrombocytopenia, organ failure,

and hemolytic anemia.1 The pathologic substrate of

most critical relevance is the thrombotic plaque in the

microcirculation, composed mainly of aggregated pla-

telets with a small amount of fibrin but huge amounts

of von Willebrand factor (VWF). VWF is an adhesive

and multimeric plasma glycoprotein required for nor-

mal hemostasis. The agglutinative properties of VWF

are a critical function of its size, since the larger the

molecule, the more active it is in promoting platelet

adhesion or spontaneous aggregation, resulting in a

thrombophilic state.2 The proteolytic activity of the

protease ADAMTS-13 results in limited degradation of

the VWF. However, e.g., in patients with severe infec-

tions, disseminated intravascular coagulation, or the

catastrophic antiphospholipid antibody syndrome,

decreased activity of ADAMTS-13, severe thrombocy-

topenia and an elevated thrombotic microangiopathy

(TMA) ratio has been observed,3–5 resulting in the

appearance of unusually large VWF multimers in

plasma, e.g., after endotoxin challenge in healthy vol-

unteers.6 At present, these unusually large multimers of

VWF in plasma were identified using electrophoretic

methods,7 however there were disadvantages, such as

time-consuming analysis as well as insufficient repro-

ducibility and comparability between laboratories. For

rapid diagnosis to expedite earlier initiation of a benefi-

cial plasma exchange as therapy of choice, faster ana-

lytical techniques are needed.

From this point of view vibrational spectroscopy

can be regarded as a suitable method. The possibil-

ities of the application of Fourier transform infrared

spectroscopy (FT–IR)8,9 and Raman spectroscopy10–12

have already been demonstrated successfully to investi-

gate plasma or serum samples. Also the ability to meas-

ure important properties of plasma has been shown

using Raman spectroscopy with an excitation wave-

length in the near infrared.13

Because of its protein constituents, UV-resonance

Raman spectroscopy is a method of choice for ana-

lyzing plasma in contrast to the above mentioned

methods, because UV-resonance Raman spectroscopy

signals from molecules, like aromatic amino acids

and proteins, are selectively enhanced.14–16

Blood contains plasma and corpuscular components

such as erythrocytes, leukocytes, and platelets. The

plasma, however, consists of about 92–94% water, 6–

8% proteins, and other components such as salts, carbo-

hydrates, and fats. Highly abundant proteins of human

plasma are albumin (60–80%), immunglobulin (20–

40%), and fibrinogen (4%). Since the plasma samples

were cryoprecipitated for measurement, the plasma

composition deviates from pure plasma. Cryoprecipi-

tated plasma consists mostly of the proteins of clotting

factor VIII, VWF, and fibrinogen as well as glucose. In

contrast, albumin and immunglobulins are reduced.17,18

In this study an UV-resonance Raman approach

was used for the characterization of human plasma

samples of healthy donors and patients with throm-

botic microangiopathy of different origin. Further-

more, we analyzed spectra of cryoprecipitated plasma

components such as factor VIII, VWF of different

lengths, and fibrinogen; aromatic amino acids trypto-

phan, tyrosine, and phenylalanine; and glucose as

well as �-carotene, hemoglobin, bilirubin, whole

blood, and lipoprotein to study the plasma composi-

tion and differences in plasma spectra of healthy

donors and patients. Because of the complexity of the

spectra, the different features of plasma samples of

healthy donors and patients are not easy to detect at a

glance, making it necessary to conduct a hierarchical

cluster analysis to distinguish between them.

MATERIALS AND METHODS

Preanalytical Sample Preparation

Upon approval of the local ethical committee, 200 �L citrated

plasma from healthy controls as well as from patients with

thrombotic microangiopathy of different origin diagnosed by

a residual proteolytic activity of ADAMTS13 < 20% as

determined by the method of Gerritsen et al.19 was cryopreci-

pitated by thawing on ice for 45 min after freezing at �808C
for about 6 h. Afterward the samples were centrifugated at

15,000g for 30 min at 48C. The supernatant was discarded

and the cryoprecipitated pellet was resolubilized in a total

volume of 200 �L phosphate-buffered saline (PBS) solution.

For UV–Raman analysis, the cryoprecipitated protein mixture

was spotted onto fused silica plates and dried in vacuo.

The plasma components were purchased by Sigma–

Aldrich (Taufkirchen, Germany). Recombinant factor VIII

was purchased from Baxter (Vienna, Australia). The sub-

stances were diluted in water or PBS in appropriate concen-

trations and spotted onto fused silica plates and dried in

vacuo. For comparison of VWF multimers differing in

length and thrombophilic activity, we used two different

VWF specimens: (i) ultralarge VWF was obtained from

recombinant protein synthesis20 and (ii) low-molecular-

weight VWF was obtained by limited proteolysis of rhVWF

by ADAMTS13 at mild denaturating conditions (1.5M urea)

in the presence of Ba2þ over 2 h as described previously.20

Spectroscopic Instrumentation

The UVRR data were collected on a micro-Raman instru-

ment (HR 800, Horiba/Jobin Yvon, Bensheim, Germany)
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equipped with a 2400 groove mm–1 grating and a cryoge-

nically cooled CCD detector. An intracavity frequency

doubled argon ion laser (Innova 300, FReD, Coherent, Die-

burg, Germany) provided the 243.993 nm continuous wave

laser lines. Approximately 1 mW was delivered to the sam-

ple. The wavenumber accuracy of the HR800 spectrometer

is 4 cm–1. Incident light on the sample and 1808 backscat-
tered light was collected by a broadband antireflection–

coated UV microspot objective (LMU UVB, 40�/0.50) with

a working distance of 1 mm. Photochemical decomposition

was limited by rotating the blood plasma samples at 6 rpm

on a turning knob, whereby the turning knob was moved in

the xy-direction after each turn. A video camera, which is

sensitive in the UV and the visible spectral range, was used

for positioning of the samples under the microscope. The

spectrometer’s entrance hole was set to 300 �m. An accu-

mulation time of 100–240 s was chosen for each spectrum.

Chemotaxonomic Analysis

An unsupervised classification method, the hierarchical

cluster analysis, was applied to differentiate between cryo-

precipitated plasma samples of healthy controls and patients

with TMA, which was performed by the use of the program

OPUS IDENT from Bruker (Ettlingen, Germany).

RESULTS AND DISCUSSION

In Figure 1, various UV-resonance Raman spectra of

plasma samples of healthy donors (A) and patients

with thrombotic microangiopathy (B) are represented,

illustrating considerable variations in the absolute

and relative intensities of the bands of 1551, 1615,

and 1650 cm–1 between patients with TMA and

healthy donors. Differences of the absolute intensities

are due to the inhomogeneous distribution and varia-

tions in thickness resulting from surface tension

across the plasma spot. Variation in the background

intensities can be attributed to mild pyrolysis of the

sample despite moving the sample during measure-

ment. Figure 2 illustrates the influence of photochem-

ical degradation of the plasma samples during mea-

surement with an accumulation time of 2 min. When

the sample was rotated and moved in the xy-direction
after each turn during spectrum recording, the best re-

solution of the spectrum was demonstrated compared

with that obtained when the sample was rotated and

not moved in the xy-direction (Figure 2b) and when

the sample was measured by keeping the laser beam

FIGURE 1 UV-resonance Raman spectra of human plasma samples from healthy donors (A)

and patients with thrombotic microangiopathy (B).
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position fixed on the sample (Figure 2c). Therefore

the samples were rotated and moved during measure-

ment to minimize the photochemical decomposition

of the plasma samples.

Additionally, there is a significant change in the

relative intensities of the two principal bands at 1615

and 1650 cm–1 for healthy donors. Most of the sam-

ples show an increased intensity at 1615 cm–1 com-

pared with the signal at 1650 cm–1. The signal at

1551 cm–1 is due to vibrations of tryptophan and the

amide II vibration. The amide II vibration reflects the

N–H bending coupled with the C–N stretching mode.

The signal at 1615 cm–1 can be attributed to in-plane

ring stretching vibrations of aromatic amino acids.

The band at 1650 cm–1 can be assigned to the amide I

vibration, the C–O stretching, and N–H in-plane

bending vibration, and the amino acid phenylalanine.

The amide III mode is located at 1243 cm–1 and

results from the N–H and C–C� vibration.

To characterize cryoprecipitated human plasma

and to elucidate the differences of the relative inten-

sity of the bands at 1615 and 1650 cm–1 for healthy

controls, different plasma components such as high-

abundance proteins were investigated. Figure 3A rep-

resents UV-resonance Raman spectra of a plasma

sample of a healthy donor (a) opposed to clotting fac-

tor VIII (b), ultralarge VWF multimers (c), proteo-

lyzed VWF (d), fibrinogen (e), and glucose (f). Glu-

cose exhibits various bands. The two prominent

bands at 1334 and 1124 cm–1 can contribute slightly

to the plasma spectrum. The spectrum of fibrinogen

(e) reveals nearly the same bands as a plasma sample,

featuring some differences in the relative intensities

of the three bands at 1551, 1615, and 1650 cm–1. Fur-

thermore proteolyzed VWF fragments (d) that give

an intense band at 1009 cm–1 and some small signals

at 1176, 1543, 1580, 1616, and 1650 cm–1 were ana-

lyzed. Ultralarge VWF multimers (c) were investi-

gated that are present in a complex with factor VIII in

patients’ plasma samples. This spectrum looks also

similar to that of the plasma sample, although the

bands are less intense. The spectrum of clotting factor

VIII (b) shows two prominent bands at 874 and

1446 cm–1 and various weaker peaks at 1145, 1250,

1320, 1366, 1567, and 1567 cm–1.

In Figure 3B, UV-resonance Raman spectra of

blood plasma of a healthy donor (a), PBS (b), trypto-

phan (c), tyrosine (d), and phenylalanine (e) are illus-

trated. The plasma samples were resolubilized in

PBS, hence PBS was measured to exclude distortion

arising from the buffer. The spectrum of PBS (b)

shows an intense signal at 960 cm–1 and some small

bands at 860, 1092, and 1134 cm–1. These bands are

not detectable in the human plasma spectrum, exclud-

ing an attributable role of PBS in the assay system.

Since using UV-resonance Raman spectroscopy sig-

nals from aromatic amino acids are discriminatory en-

hanced, three important amino acids, tryptophan, tyro-

sine, and phenylalanine, were analyzed. Tryptophan

(c) exhibits characteristic bands at 758 and 1009 cm–1

due to symmetric benzene/pyrrole in-phase and out-

of-phase breathing modes. The signals at 1340 and

1356 cm–1 can be attributed to the vibration resulting

from the fermi resonance between the N1–C8 stretch-

ing in the pyrrole ring and combination bands of the

out-of-plane bending. The signal of the C–C stretching

vibration of the pyrrole ring is located at 1551 cm–1.

The C¼¼C stretching mode of all aromatic acids gives

a band at 1615 cm–1.14–16 The symmetric ring stretch-

ing mode of tyrosine (d) is located with an intense

band at 829 cm–1 connected with a shoulder at

851 cm–1. The signal at 1173 cm–1 can be assigned to

the in-plane C–H bending vibration. The band at

FIGURE 2 UV-resonance Raman spectra of human

plasma samples of healthy donors. During measurement

with an accumulation time of 2 min, the sample was rotated

and moved in the xy-direction after each turn (a), the sam-

ple was rotated and not moved in the xy-direction (b), and

the sample was measured by keeping the laser beam posi-

tion fixed on the sample (c).
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1208 cm–1 can be attributed to the ring C–C� stretch-

ing mode of tyrosine and phenylalanine (e). The sig-

nal of tyrosine at 1615 and of phenylalanine at

1604 cm�1 is due to the in-plane ring stretching vibra-

tion. An additional band of phenylalanine is seen for

the ring breathing mode at 1006 cm–1. Comparing the

signals of plasma components with those of cryopreci-

pitated human plasma, the most common peaks arise

from the amino acids tryptophan, tyrosine, and phe-

nylalanine.

Some plasma samples differed in intensity of yel-

lowness. This effect could be caused by different en-

dogenous dyes. Therefore �-carotene was studied

because it is often responsible for pigmentation in bi-

ological samples such as human plasma. Furthermore

whole blood was measured to investigate whether

these variations were caused by other components of

whole blood, such as cellular components. The dye

hemoglobin from erythrocytes and its degradation

product bilirubin were also investigated. Figure 4A

illustrates UV-resonance Raman spectra of a human

plasma sample of a healthy donor (a), whole blood

(b), �-carotene (c), hemoglobin (d), and bilirubin (e).

The spectra of whole blood, hemoglobin, and biliru-

bin do not reflect an increased band at 1650 cm–1 as

seen in some plasma samples. These components

show an intense band at 1615 cm–1. Hence these var-

iations of the relative intensities between the 1615

and 1650 cm–1 peaks do not occur because of the

availability of some different blood components in

the plasma sample. �-Carotene shows one dominant

broad band at 1640 cm–1 (c). This signal does not

occur at the spectrum of human plasma. Thus �-caro-
tene does not contribute decisively to the human

plasma spectra; it only contributed to the peak at

1650 cm–1 with a slight shoulder.

In addition to the various dyes, high-density lipo-

protein from human plasma as a lead structure for

human lipoproteins was investigated to clarify the dif-

ferences in the relative intensities between the 1615

FIGURE 3 (A) UV-resonance Raman spectra of a human plasma sample from a healthy donor

(a), recombinant factor VIII (b), ultralarge VWF multimers (c), proteolyzed VWF fragments (d),

fibrinogen (e), and glucose (f). (B) UV-resonance Raman spectra of blood plasma from a healthy

donor (a), PBS (b), tryptophan (c), tyrosine (d), and phenylalanine (e).
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and 1650 cm–1 peaks. In Figure 4B, UV-resonance

Raman spectra of blood plasma of a healthy donor

showing increased intensity at 1615 cm–1 compared

with the signal at 1650 cm–1 (a), a human plasma sam-

ple of a healthy donor showing decreased intensity at

1615 cm–1 relative to the signal at 1650 cm–1 (b), and

lipoprotein (c) are represented. Lipoproteins exhibit an

increased intensity at 1650 cm–1 compared with the

signal at 1615 cm–1. Therefore the plasma samples

with the raised band at 1650 cm–1 offer a high content

of lipoproteins. Normally lipids should not be present

with high concentrations in the cryoprecipitated

plasma. Plasma sample spectra with an absence of the

increased band at 1650 cm–1 may serve as a method

for quality control of sample preparation.

To classify the analyzed plasma samples of

healthy donors and patients with thrombotic micro-

angiopathy, an unsupervised classification method,

the hierarchical cluster analysis, was performed.

Only spectra without an increased peak at 1650 cm–1

were used for classification. The spectra were pre-

treated by vector normalization and the spectral

range between 600 and 1800 cm–1 was chosen for

classification. The spectral distances between each

spectrum were calculated with the standard method.

Ward’s technique was used to calculate the spectral

distances between a newly created cluster and all

of the other spectra or identified clusters. Figure 5

shows the dendrogram of the resultant classification

of the cryoprecipitated plasma samples based on

175 spectra of 8 healthy controls and 10 different

patients’ samples. The smaller the spectral distances

in the dendrogram the more similar are the spectra.

The dendrogram shows a clear separation of healthy

controls and patients; however the spectrum of one

healthy control was falsely classified to the patients’

cluster for unknown reasons. This spectrum is indi-

cated in the figure by an asterisk.

FIGURE 4 (A) UV-resonance Raman spectra of a human plasma sample from a healthy donor

(a), whole blood (b), �-carotene (c), hemoglobin (d), and bilirubin (e). (B) UV-resonance Raman

spectra of blood plasma from a healthy donor showing an increased intensity at 1615 cm–1 com-

pared with the signal of 1650 cm–1 (a), human plasma samples from a healthy donor showing an

decreased intensity at 1615 cm–1 relative to the signal of 1650 cm–1 (b), and high-density lipopro-

tein from human plasma (c).
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CONCLUSION

This study demonstrates that UV-resonance Raman

spectroscopy is a valuable tool for the investigation

of human plasma samples and its components without

complex and laborious preanalytical procedures be-

cause signals from proteins are selectively enhanced

using an excitation wavelength in the UV. With this

methodological approach the components contribut-

ing to the major signals in human plasma were identi-

fied as aromatic amino acids, particularly as trypto-

phan, tyrosine, and phenylalanine. Additional bands

can be attributed to amide I, II, and III vibrations.

This study demonstrates that the differences of the in-

tensity ratio of the bands at 1615 and 1650 cm–1 for

patients with thrombotic microangiopathy are not

caused by components of whole blood in the plasma

sample or endogenous dyes such as �-carotene, he-
moglobin, or bilirubin, however, they could be attrib-

uted to lipoproteins. Plasma samples with the raised

band at 1650 cm–1 offer a high content of lipopro-

teins. Hence spectra of plasma samples with an ab-

sence of the increased band at 1650 cm–1 may serve

as a method for quality control of sample preparation.

The hierarchical cluster analysis demonstrates the

possibility for differentiation of cryoprecipitated

plasma samples of healthy controls and patients with

thrombotic microangiopathy. Therefore the present

UV-Raman spectroscopic approach provides the

potential not only for the characterization but also for

the rapid and early discrimination of human plasma

of healthy donors and patients with thrombotic micro-

angiopathy by means of different statistical data algo-

rithms for classification of unknown samples and cor-

relation with electrophoretic methods.

We gratefully acknowledge the funding of the research pro-

ject FKZ 13N8369 within the framework ‘‘Biophotonic’’

from the Federal Ministry of Education and Research, Ger-

many (BMBF). Human recombinant VWF protein was a

generous gift of Prof. Schneppenheim, UKJ Hamburg.

Tutorials for electrophoretical separation of VWF multi-

mers by Prof. U. Budde, Labor Arndt & Partner, Hamburg,

Germany are gratefully acknowledged.

REFERENCES

1. Remuzzi, G.; Ruggenenti, P.; Bertani, T. In Renal Pa-

thology: with Clinical and Functional Correlations;

Brenner, B. M., Ed.; JB Lippincott Company: Philadel-

phia, 1994; p. 1154.

2. Arya, M.; Anvari, B.; Romo, G. M.; Cruz, M. A.;

Dong, J.-F.; McIntire, L. V.; Moake, J. L.; Lopez, J. A.

Blood 2002, 99, 3971–3977.

FIGURE 5 Dendrogram resulting from hierarchical cluster analysis of plasma sample spectra

from healthy controls and patients with thrombotic microangiopathy based on the spectral range of

600–1800 cm–1. The asterisk indicates one misclassified spectrum of a healthy donor as a patient.

Spectroscopic Study of Human Plasma 323

Biopolymers DOI 10.1002/bip
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Abstract

An analysis of plasma proteins, in particular the precise determination of its concentration or activity as well as in
general the molecular composition of the sample is of relevance for the diagnosis of inflammation-associated
coagulopathies. Recently, the evaluation of the fine tuned balance between the multimeric acute phase protein ‘‘Von-
Willebrand Factor (VWF)’’ and its inactivating enzyme was spotlighted by several observational studies. However,
current diagnostic approaches of the multimer composition of Von-Willebrand Factor are based on electrophoretic
separation and immunoblotting requiring a time schedule up to several days. In this study UV-resonance Raman
(UVRR) spectroscopy was applied, as a promising approach for a more rapid methodology since this technique allows
to exclusively monitor protein vibrations. Hence, we provide UV-resonance Raman spectroscopy with multivariate
evaluation for a real-time diagnosis and therapeutically monitoring of inflammation-associated coagulatopathy
subsequent to the presence of highly active Von-Willebrand Factor multimers in patients’ plasma.
r 2007 Elsevier GmbH. All rights reserved.

Keywords: Human plasma; UV-resonance Raman spectroscopy (UVRR); Classification; Multivariate analysis

Introduction

Microangiopathy is typified by thrombocytopenia,
organ failure and hemolytic anemia [1]. Thrombotic
microangiopathy (TMA) is characterized by an in-
creased blood coagulation in small arterioles and
capillaries. Dysfunction of the endothelium is induced
by systemic infection or by endogenous or exogenous

stress mediators (e.g. by injury of the endothelium). It
results in the generation of thrombotic aggregates
resulting in vascular plaque formation, impairment of
blood flow and vascular occulsion. During agglutination
thrombi in the microcirculation are mainly composed of
aggregated platelets with small amounts of fibrin and
huge amounts of Von-Willebrand Factor (VWF). VWF
is an adhesive and multimeric plasma glycoprotein
essential for platelet adhesion and thrombus formation
during hemostasis. The protein is synthesized in
endothelial cells and megakaryocytes circulating in
plasma as multimers up to 20,000 kDa in size. Since
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VWF mediates the adhesion of platelets among each
other and to the subendothelium its agglutinative
properties are a critical function of its size, since the
larger the molecule, the more active it is in promoting
platelet adhesion or spontaneous aggregation resulting
in a thrombophilic state [2]. The proteolytic activity of
the protease ADAMTS-13 (A Disintegrin-like And
Metalloprotease with ThromboSpondin type 1 motif,
member 13) results in the limited degradation of the
VWF. However, e.g. in patients with severe infec-
tions, disseminated intravascular coagulation or the
catastrophic antiphospholipid antibody syndrome a
decreased activity of ADAMTS-13, severe thrombocy-
topenia and an elevated thrombotic microangiopathies
(TMA) ratio could be observed [3–5]. Diminished
ADAMTS-13 activity results in the appearance and
accumulation of ultralarge VWF multimers in plasma
[6]. At present, these unusually large VWF multimers in
plasma are identified by electrophoresis [7]. However
this diagnostic tool suffers various disadvantages such
as time consuming analysis as well as insufficient
reproducibility and comparability between laboratories
making it unfeasible for real-time diagnosis and
therapeutical monitoring. For an earlier therapy initia-
tion and the possibility of therapeutical monitoring,
faster analytical techniques are needed. As a promising
approach Fourier Transform infrared spectroscopy
(FT-IR) [8,9] and UV-resonance Raman (UVRR)
spectroscopy [10] can be applied. UVRR spectroscopy
offers a potentially useful probe of plasma analysis,
via resonance enhancement of vibrational signals
from macromolecules, like aromatic amino acids and
proteins [11–13].

Blood contains plasma (55%) and corpuscular
components (45%) such as erythrocytes, leucocytes
and platelets. Plasma consists of about 90% water and
8% proteins and further components such as salts,
carbohydrates and fats. Because the content of plasma
proteins of immuno globulins and albumine does not
change during TMA these proteins were discarded by
preparing cryoprecipitates. Cryoprecipitates mainly
consists of the proteins fibrinogen (factor I), factor VIII
and VWF as a VWF-factor VIII-complex as well as of
glucose. [14,15].

In this study UV-resonance Raman spectroscopy was
applied for the characterization of human plasma
samples of healthy donors and patients with thrombotic
microangiopathy of different origin. Additionally plas-
ma components of cryoprecipitates such as proteins
(factor VIII, ultralarge VWF, VWF-factor VIII-com-
plex and fibrinogen), aromatic amino acids tryptophan,
tyrosine and phenylalanine, glucose, as well as endo-
genous dyes (hemoglobin and bilirubin) and lipopro-
teins were investigated to elucidate the plasma
composition and differences in plasma spectra of
healthy donors and patients. Due to the complexity of

the spectra multivariate evaluation was applied for the
classification of plasma samples of healthy donors and
patients.

Material and methods

Preanalytical sample preparation

Upon approval of the local ethical committee, 200 ml
citrated plasma from healthy controls as well as from
patients with thrombotic microangiopathy of different
origin diagnosed by a residual proteolytic activity of
ADAMTS13o20% as determined by the method of
Gerritsen [16] were cryoprecipitated by thawing on ice
for 45min after freezing at �801C for about 6 h.
Afterwards the samples were centrifugated at
15,000 x g for 30min at 4 1C. The supernatant was
discarded and the cryoprecipitated pellet resolubilized in
a total volume of 200 ml phosphate buffered saline (PBS)
solution. For UV-Raman analysis, the cryoprecipitated
protein mixture was spotted onto fused silica plates and
dried in vacuo.

The plasma components were purchased from Sigma-
Aldrich (Taufkirchen, Germany). Recombinant factor
VIII was purchased from Baxter (Vienna). The sub-
stances were diluted in water or PBS in appropriate
concentrations and spotted onto fused silica plates and
dried in vacuo. For comparison of VWF multimers
differing in length and thrombophilic activity, two
different VWF specimens were used: (i) ultralarge
VWF was obtained from recombinant protein synthesis
[17], (ii) low molecular weight VWF was obtained by
limited proteolysis of rhVWF by ADAMTS13 at mild
denaturating conditions (1.5M urea) in the presence of
Ba++ over 2 hrs. as described previously [14].

Spectroscopic instrumentation

UVRR spectra were collected using a micro-Raman
setup (HR800, Horiba/Jobin Yvon) with a focal length
of 800mm, a 40x broadband anti-reflection coated UV
objective (LMU UVB) with a numerical aperture of 0.5
and a 2400 lines/mm grating. The entrance slit was set to
300 mm. A video camera, which is sensitive in the UV
and in the visible spectral range, was used for position-
ing of the samples under the microscope. An excitation
wavelength of 244 nm is applied, provided by a
frequency doubled argon ion laser (Innova 300,
MotoFReD, Coherent, Dieburg, Germany). Approxi-
mately 1mW was delivered to the sample. The
wavenumber resolution of the HR800 spectrometer is
4 cm�1. Raman scattered light was detected by a
nitrogen-cooled CCD camera with an accumulation
time set to 100–240 s for each spectrum.
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To minimize possible photo degradation, plasma
samples were rotated at 6 rpm on a turning knob,
moving it in x,y-direction after each rotation.

Chemotaxonomic analysis

Differentiation between cryoprecipitated plasma sam-
ples of healthy controls and patients with TMA was
performed with unsupervised classification methods the
hierarchical cluster analysis (HCA) and the principal
component analysis (PCA). HCA analysis was done
with the program ‘‘Opus Ident 3.1’’ (Bruker Optics,
Ettlingen, Germany) and PCA analysis with ‘‘The
Unscramblers’’ from CAMO Process AS; Version
9.2, Reutlingen, Germany).

Results and discussion

In Fig. 1, representative UV-resonance Raman
spectra of plasma samples of healthy donors (A) and
patients with thrombotic microangiopathy (B) are
depicted, illustrating considerable variations in the
absolute and relative intensities of the bands at
1551 cm�1, 1615 cm�1 and 1650 cm�1 between patients
with TMA and healthy donors. Differences in the
absolute intensities are due to the inhomogeneous
distribution and variations in thickness resulted by
surface tension across the plasma spot. Most of the

samples show an increased intensity at 1615 cm�1

compared to the signal at 1650 cm�1. The signal at
1551 cm�1 is due to vibrations of tryptophan. The signal
at 1615 cm�1 can be attributed to in-plane ring stretch-
ing vibrations of aromatic amino acids. The band at
1650 cm�1 can be assigned to the amide I vibration, the
C ¼ O stretching and N-H in plane bending vibration,
as well as to the amino acid phenylalanine. The amide
III mode is located at 1243 cm�1 and results from the
N-H and C-Ca vibration.

For plasma characterization several plasma compo-
nents such as high abundant proteins, aromatic amino
acids, lipoproteins and endogenous dyes were investi-
gated. In Fig. 2A UV-resonance Raman spectra of a
human plasma sample of a healthy donor (a), recombi-
nant factor VIII (b), ultralarge VWF multimers (c),
proteolyzed VWF fragments (d), fibrinogen (e) and
VWF-factor VIII-complex (f) are illustrated. The
plasma Raman spectrum is in best agreement with the
spectrum of fibrinogen (e). VWF-factor VIII-complex
was investigated too since VWF is linked to the clotting
factor VIII to form a complex to ensure proteolytical
protection of factor VIII. The spectrum of VWF-factor
VIII-complex (f) reveals the same Raman bands of the
plasma sample, except of the peaks at 893 cm�1,
1322 cm�1, 1409 cm�1 and 1493 cm�1 that are absent
in the plasma spectrum. Proteolyzed VWF fragments (d)
give only one intense Raman band at 1009 cm�1. The
Raman spectrum of ultralarge VWF multimers (c)
appears also similar to the ones of the plasma sample,
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Fig. 1. UV-resonance Raman spectra of human plasma samples of healthy donors (A) and patients with thrombotic

microangiopathy (B).
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although the bands are less intense. The Raman
spectrum of the clotting factor VIII (b) shows two
prominent bands at 874 cm�1 and 1446 cm�1 and vari-
ous weaker peaks at 1145 cm�1, 1250 cm�1, 1320 cm�1,
1366 cm�1, 1567 cm�1 and 1567 cm�1.

Comparing the UVRR signals of plasma components
with those of cryoprecipitated human plasma reveals
that the most common peaks arise from the amino acids
tryptophan, tyrosine and phenylalanine due to the
selective enhancement of macromolecules for deep UV
Raman excitaion. Fig. 2B depicts UV-resonance Raman
spectra of blood plasma from a healthy donor (a)
compared to aromatic amino acids Raman spectra of
tryptophan (b), tyrosine (c) and phenylalanine (d). The
in-plane C ¼ C ring stretching mode of all aromatic
acids gives rise to a band at 1615 cm�1 (W1, Y8a)
[14–16].

Tryptophan (b) exhibits characteristic bands at
758 cm�1 (W18) and 1009 cm�1 (W16) due to symmetric
benzene/pyrrole in-phase and out of phase breathing
modes. The 1340 cm�1 and 1356 cm�1 doublet (W7) can
be attributed to the vibration resulting from the Fermi
resonance between the N1-C8 stretching in the pyrrole
ring and combination bands of the out-of-plane bend-
ing. The signal of the C-C stretching vibration of the
pyrrole ring can be found at 1551 cm�1 (W3). The band
at 1576 cm�1 (W2) is due to in-plane pyrrole ring
vibrations. Tyrosine (c) gives rise to a band at 641 cm�1

that can be attributed to the n6b ring deformation. The
peaks of tyrosine at 829 cm�1 (2Y16a) and 851 cm�1

(Y1) are caused by Fermi resonance between the n1
symmetric ring stretching fundamental and the first
overtone of the out-of-plane n16a ring deformation. The
in-plane C-H bending vibration involves a signal at
1173 cm�1 (Y9a). The signal of the ring C-Cb stretching
mode of tyrosine (Y7a) and phenylalanine (d) (F7a) is
located at 1208 cm�1. The signal of phenylalanine at
1604 cm�1 derives from the in-plane ring stretching
vibration (F8a). An additional band of phenylalanine is
seen for the ring breathing mode at 1006 cm�1 (F1) as
well as for in-plane C-H bending vibration at 1036 cm�1

(F18a).
To emphasize the differences in the relative intensities

between the Raman bands at 1615 and 1650 cm�1

several endogenous dyes such as bilirubin and hemoglo-
bine as well as a lead structure for human lipoproteins
the high density lipoprotein from human plasma were
investigated. In Fig. 3 the corresponding UV-resonance
Raman spectra of blood plasma from a healthy donor
showing an increased intensity at 1615 cm�1 compared
to the signal of 1650 cm�1 (a), a human plasma sample
of a healthy donor showing an decreased intensity at
1615 cm�1 relative to the signal of 1650 cm�1 (b),
lipoprotein (c) as well as hemoglobin (d) and bilirubin
(e) are represented. Only lipoproteins exhibit an
increased intensity at 1650 cm�1 compared to the signal
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at 1615 cm�1. Therefore the plasma samples with the
enhanced band at 1650 cm�1 offer a high content of
lipoproteins. Normally cryoprecipitated plasma should
not contain lipids with high concentrations. So with
resonance Raman spectroscopy it is possible to detect
preparation failure.

In order to classify the analyzed plasma samples of
healthy donors and patients with thrombotic micro-
angiopathy HCA and PCA were performed. Only
spectra showing no enhanced peak at 1650 cm�1 were
taken for classification. Before using both chemometric
analysis methods, the first derivative of the spectra
(Savitzky-Golay, 9 points, polynomial order of 2) was
calculated and a ‘‘Range Normalization’’ was carried
out both with the program ‘‘The Unscramblers’’ from
CAMO Process AS; Version 9.2, Reutlingen, Germany).
The spectral range between 600 cm�1 and 1800 cm�1 was
chosen for classification.

For HCA the spectral distances between every
spectrum were calculated with the Standard method.
Ward’s Technique was used to calculate the spectral
distances between a newly created cluster and all the
other spectra or identified clusters. Fig. 4A shows the
results obtained by HCA for cryoprecipitated plasma
samples based on 175 spectra of eight healthy controls

and of ten different patients’ samples. Two distinct
clusters can be observed; all of the healthy controls are
separated from patients’ spectra as an individual cluster.

PCA is also capable of separating cryoprecipitated
plasma samples of healthy volunteers and diseased
persons. Fig. 4B shows the PCA scores plot of the first
and second principal component PC1 and PC2 for
spectra of human plasma samples of 76 healthy donors
and 99 patients’ samples with TMA. The plot shows that
the healthy person’s scores are tightly grouped and well
separated from the patient’s cluster, which results in a
more dispersed group.

Conclusions

This study demonstrates that UV-resonance Raman
spectroscopy is a suitable approach for the analysis of
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human plasma samples and its components without
complex and laborious pre-analytical procedures. With
excitation in the UV signals from proteins are selectively
enhanced. Thereby the major signals apparent in human
plasma were identified as vibrations arising from the
aromatic amino acids tryptophan, tyrosine and pheny-
lalanine. Additional bands can be attributed to amide I
and III vibrations. Furthermore within this study a
preparation failure could be discovered for plasma
samples offering an enhanced band at 1650 cm�1 in
the Raman spectrum. These samples offer a high
content of lipoproteins.

The hierarchical cluster analysis as well as the
principal component analysis offers the possibility
for a differentiation of cryoprecipitated plasma samples
of healthy controls and patients of thrombotic
microangiopathy.

This study demonstrates the great potential of the
UVRR spectroscopy to characterize of plasma samples.
Furthermore a more effective and specific differentiation
between cryoprecipitated plasma of healthy donors and
patients with TMA utilizing multivariate evaluation
could be achieved. Hence this method could be a
prospective excellent tool for therapeutical monitoring.
The aim of further investigations deals with establishing
a data base for UVRR-spectroscopic data that include
patients’ samples with various disease states. This will be
followed by classification of unknown samples and
correlation with electrophoretic methods.
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Zusammenfassung

UV-Resonanz-Raman-spektroskopische Untersuchungen

von Blutplasma für die medizinische Diagnose

Die Analyse von Plasmaproteinen, insbesondere die
genaue Bestimmung von deren Konzentration oder
Aktivität sowie allgemein die molekulare Zusammen-
setzung der Probe, ist für die Diagnose von entzün-
dungs-bedingten Gerinnungsstörungen von Bedeutung.
In letzter Zeit ist die Ermittlung der genau abgestimmten
Balance zwischen dem multimeren Akute-Phase-Protein

’’
Von Willebrand Faktor (VWF)

’’

und seinem spalten-

den Enzym in den Blickpunkt verschiedenster For-
schungsstudien gerückt. Derzeitige Methoden zur
Diagnose der Multimerzusammensetzung des Von
Willebrand Faktors basieren auf elektrophoretischer
Separierung und Immunoblotting, die jedoch einen
Zeitplan von bis zu mehreren Tagen beanspruchen. In
dieser Studie wurde die UV-Resonanz-Raman (UVRR)-
Spektroskopie als ein vielversprechender Ansatz für
eine schnellere Methodik angewendet, da es diese
Technik erlaubt, verstärkt Proteinschwingungen zu
untersuchen. Demzufolge haben wir die UV-Resonanz-
Raman-Spektroskopie mit Hilfe von multivariaten
Berechnungsmethoden zur Echtzeit-Diagnose und zur
therapeutischen Überwachung von entzündungs-
bedingten Gerinnungsstörungen verwendet. Grundlage
dafür ist die Anwesenheit von hoch aktiven

’’
Von

Willebrand Faktor

’’

Multimeren ausschließlich in den
Plasmaproben von Patienten.

Schlüsselwörter: Blutplasma; UV-Resonanz-Raman-

Spektroskopie (UVRR); Klassifizierung; Multivariate Analyse

Resúmen

Aplicación de la Espectroscopia Raman de Resonancia

UV en muestras de plasma humano para el diagnóstico

médico

El análisis de las proteı́nas del plasma, en particular la
determinación exacta de su concentración o actividad,
ası́ como la composición molecular de la muestra, es de
gran importancia para la diagnóstico de las coagulopa-
tı́as asociadas a inflamación. Recientemente, el análisis
de la delicada regulación entre la proteı́na multimérica
de fase aguda Factor de Von-Willebrand (VWF) y su
enzima inactivante, ha sido el foco de investigación de
numerosos estudios. Sin embargo, los métodos de
diagnóstico actuales para la determinación de la
composición multimérica del factor de Von-Willebrand
requieren varios dı́as de trabajo, ya que se basan en la
separación electroforética e immunoblotting. En este
trabajo introducimos la espectroscopı́a UVRR (UV-

Resonance Raman) como una aproximación promete-
dora para una metodologı́a más rápida, dado que
permite el monitoreo exclusivo de las vibraciones de las
distintas proteı́nas. Por consiguiente, en este estudio se
utilizó la espectroscopı́a UVRR junto a un análisis
multivariado, para el diagnóstico en tiempo real y el
monitoreo terapéutico de las coagulopatı́as asociadas a
inflamación, subsecuente a la presencia de multı́meros
altamente activos del Factor de Von-Willebrand en el
plasma de pacientes.

Palabras clave: Plasma humano; Espectroscopı́a Raman

de Resonancia UV (UVRR); Clasificación; Análisis

multivariado
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Minimal Invasive Gender Determination of Birds by
Means of UV-Resonance Raman Spectroscopy

M. Harz,† M. Krause,† T. Bartels,‡ K. Cramer,‡ P. Ro1sch,† and J. Popp*,†,§

Institut für Physikalische Chemie, Friedrich-Schiller-Universität Jena, Helmholtzweg 4, 07743 Jena, Germany, Klinik für Vögel
und Reptilien, Universität Leipzig, An den Tierkliniken 17, 04103 Leipzig, Germany, and Institut für Photonische
Technologien, Albert-Einstein-Strasse 9, 07745 Jena, Germany

The identification of avian gender is important for pros-
perous breeding of birds. Since birds do not possess
external genital organs, endoscopic investigations, blood
analysis, and molecular biological methods are applied
to determine the gender in monomorphic species. How-
ever, anesthesia and blood sampling impose stress on the
examined bird and should be avoided in terms of animal
protection. Here we report on the application of UV-
resonance Raman spectroscopy as a minimal invasive
method for gender determination of birds via an evalua-
tion of feather pulp samples. Sample preparation for this
investigation method is simple and facilitates a quick and
easy analysis. The UV-resonance Raman spectra of the
feather pulp sample extracts are dominated by DNA and
protein signals. The different DNA content in male and
female chicken allows for gender differentiation via its
characteristic Raman fingerprint. The classification either
to male or female chicken is ideally accomplished by
support vector machines due to the fact that no unknown
classes are involved. Recognition rates of about 95% were
compared to less effective results of the unsupervised
hierarchical cluster analysis. Within the scope of our
investigations, principal component analysis was also
applied to determine the important spectral regions for
the classification of chicken’s feather pulp samples.

The knowledge of a bird’s gender is vital to bird keepers and
aviculturists for the establishment of breeding pairs or breeding
flocks. Furthermore, the poultry industry has an enormous interest
in identifying the gender of poultry at a very early stage of body
development. Since, for example, the feeding conditions are
different for either gender, this has economic reasons.1 In contrast
to mammals, birds do not possess external genital organs. Thus,
secondary sexual characteristics such as body size, plumage color,
or other phenotypic sexual characteristics have to be used for a
gender determination. If a distinct sexual dimorphism is missing,
ethological parameters as mating behavior or phonation can
provide further information for gender diagnosis. However, in

numerous monomorphic bird species no reliable gender deter-
mination can be accomplished on the basis of external or
behavioral characteristics. Furthermore one is also dependent on
alternative methods for gender determination of immature or
sexually inactive birds. Among endoscopic evaluations of the
gonads of anesthetized birds2-4 and investigations of the hormone
status, molecular biological methods (e.g., DNA-PCR)5-11 in
particular provide reliable results in these cases. In the poultry
industry, vent sexing is commonly used. Here a manual sorting
of newly hatched male and female poults on the basis of
differences in cloacal morphology is accomplished with a high
accuracy of 95%.12 Despite their good reliability, the described
methods are time-consuming and stressful for the birds and should
be avoided in terms of animal welfare. Furthermore, birds can be
injured during blood sampling, and both sampling procedure and
analysis presuppose trained specialists as well as special laboratory
equipment. Last, anesthesia proposes an increased risk for the
birds’ health. Fatalities due to anesthetic accidents are extremely
unacceptable, not least if the examined species is rare and
expensive, such as certain parrots. Hence the use of alternative,
less impacting methods would be preferable to preserve the bird’s
health.

A promising minimal invasive option is the application of
Raman spectroscopy for the analysis of complex biological
samples. Depending on the Raman laser excitation wavelength, a
selective enhancement of different sample constituents can be
achieved.13-22 The application of deep UV excitation wavelengths
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yields a selective enhancement of macromolecules such as
aromatic amino acids in proteins as well as DNA bases. The
scattering intensity increases up to 106 by the electronic resonance
enhancement thus improving the signal-to-noise ratio signifi-
cantly.23,24 Hence, UV-resonance Raman (UVRR) spectroscopy with
excitation in the deep UV region is a powerful approach to study
samples with high protein and/or DNA content.

Here we report on the successful application of UVRR
spectroscopy to determine the gender of birds. This approach is
based on the fact that genome size is larger in male birds as
compared to females. In chickens, the difference relative to the
respective DNA content amounts to about 2%.25 This difference
should be detectable by means of UVRR spectroscopy since other
sample components such as carbohydrates or lipids contribute
negligible Raman signals in the deep UV region. After extraction
of the DNA-rich cell material by pressing the thawed feathers from
tip to base, no further extensive sample preparation is required.

EXPERIMENTAL SECTION
Sample Preparation. Feather samples were collected in a

flock of 6-week-old layer chickens (Lohmann Brown) of both

sexes. Growing contour feathers containing pulp tissue were
manually picked from the skin and were separately stored in vials
at -20 °C.

The extraction of cell material containing DNA was carried
out by pressing the thawed feathers from tip to base and smearing
the obtained liquid sample directly onto a fused-silica surface for
drying.

Spectroscopic Instrumentation. UVRR spectra were re-
corded using a micro-Raman setup (HR800, Horiba Jobin-Yvon,
Bensheim, Germany) with a focal length of 800 mm and a 2400
lines/mm grating. The wavenumber resolution of the HR800
spectrometer was 4 cm-1. As excitation wavelength, a frequency-
doubled argon-ion laser (Innova 300, MotoFReD, Coherent,
Dieburg, Germany) at 244 nm was applied. The laser power on
the sample was ca. 1 mW. The laser beam was focused onto the
sample by a 40× broad-band antireflection coated UV objective
(LMU UVB) with a numerical aperture of 0.5. The entrance slit
was set to 300 µm. A video camera, which is sensitive in the UV
and in the visible spectral range, was used for positioning the
samples under the microscope. The Raman scattered light was
detected by a nitrogen-cooled CCD camera with an accumulation
time set to 60 s. The samples were rotated and moved in the x,y
direction after each rotation to obtain an average spectrum over
a large sample area in order to minimize possible photodegrada-
tion by UV radiation.

Figure 1 summarizes this quick and reliable approach for
minimal invasive gender determination of birds: the procedure
includes the easy extraction of DNA-rich cell material of the
feather pulp (a) by pressing the feathers from tip to base (b)
followed by the direct recording of a Raman fingerprint spectrum
and data analysis by the application of chemometrical methods
for gender classification (c).

Data Preprocessing and Classification. A total of 18 male
and 16 female chicken samples were analyzed by recording about
10 Raman spectra of each sample. Overall, a number of 326 UVRR
spectra were recorded.
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Figure 1. Principle scheme of minimal invasive gender determination of birds by using a feather (a): easy extraction of DNA-rich cell material
of the feather pulp by pressing the feathers from tip to base (b) followed by direct recording of a Raman fingerprint spectrum and data analysis
(c).
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Prior to the chemometric analysis of the Raman spectra, the
first derivative of the spectra (Savitzky-Golay, 13 smoothing
points) was calculated to realize both a background correction
and a signal-to-noise ratio enhancement. The final data preprocess-
ing step consisted in a vector normalization of the spectra. Out of
a large variety of classification methods, two methods, namely,
the supervised nonlinear classification method support vector
machine (SVM) and the unsupervised classification method
hierarchical cluster analysis (HCA), are used to characterize the
data set. These are well-established methods to classify biological
and medical samples.26,27 The preprocessed data set was employed
by SVM using radial basis function kernels.28 This algorithm
allows for differentiating all background information from impor-
tant signals. No restriction to a special wavenumber region was
done since every small spectral difference might be of importance
to achieve the best differentiation results. The results were
obtained by performing leave-one-out tests and testing validation
data.

The results were compared to the analysis of the HCA.
Therefore, the program package “Opus Ident 3.1” (Bruker Optics,
Ettlingen, Germany) was used accounting the factorization method
and the Ward’s algorithm for calculating the spectral distances.

Furthermore, the evaluation of essential wavenumber regions
for classification could be performed by accomplishing a principal
component analysis (PCA). Therefore, the software “The Un-
scrambler” (CAMO Process AS; version 9.2, Reutlingen, Germany)
was applied. This software uses a cross validation to verify the
results. Here a subsample set containing the original Raman
spectra recorded from each sample was created for all 34 samples.
The Raman bands of interest in the wavenumber range between
1140 and 1730 cm-1 were compared to the loadings receiving by
PCA.

RESULTS AND DISCUSSION
The aim of the investigations presented in the following was a

gender determination of chickens. The analysis of feather pulp
containing mostly DNA is possible by means of UVRR spectros-
copy in combination with chemometric data analysis.

Qualitative Signal Assignment. The prominent bands of the
feather pulp UVRR spectra are assigned by comparing those with
the UV Raman spectra of well-known constituents.

Figure 2 shows the average UVRR spectra of the extract from
male (black) and female (gray) feather pulp samples of chickens.
The spectra are baseline corrected and vector normalized. The
two Raman spectra show slightly different intensity patterns.
Therefore, the Raman difference spectrum by subtracting the
female from the male UVRR spectrum was calculated identifying
the most pronounced differences between female and male feather
pulp UVRR spectra in the wavenumber region between 600 and
1800 cm-1. The difference signals in positive direction correspond
to higher band intensities in the averaged male feather pulp
spectrum. The main differences appear around 1648, 1615, 1594,
1500, 1480, 1452, 1336, 1172, and 1007 cm-1. Since DNA and

protein components are enhanced by UV excitation, the signal
assignment can be focused to these components. Figure 3
compares an averaged UVRR spectrum of a male feather pulp
sample with those of pure calf thymus DNA and the hen egg white
lysozyme protein being characteristic for a chicken environment.
The wavenumber labeling of the Raman bands in Figure 3 is
ordered as follows: the protein bands are labeled on top and
marked with a dotted line, the DNA bands are in the middle and
marked with a dashed line and the superposition of DNA and
protein information is found at the end of the legend with a
continuous line. A complete band assignment is summarized in
Table 1.

The Raman bands of the feather pulp at 1648, 1480, 1569, 1355,
and 1172 cm-1 can be assigned to the DNA building blocks
(nucleic acid bases, nucleosides, and nucleotides). The band at
1648 cm-1 can be identified as the CO and CC stretching vibration
of the nucleic acid thymine. The two purine bases guanine and
adenine contribute to the Raman band at 1480 cm-1 with its triene
vibration and the CN stretching vibration, respectively. Adenine
and guanine also contribute with a NH2 deformation to the band
at 1569 cm-1. The two pyrimidine bases, thymine and cytosine,

(26) Harz, M.; Rösch, P.; Peschke, K. D.; Ronneberger, O.; Burkhardt, H.; Popp,
J. Analyst (Cambridge, U.K.) 2005, 130, 1543-1550.

(27) Wood, B. R.; Caspers, P.; Puppels, G. J.; Pandiancherri, S.; McNaughton,
D. Anal. Bioanal. Chem. 2007, 387, 1691-1703.

(28) Rösch, P.; Harz, M.; Schmitt, M.; Peschke, K.-D.; Ronneberger, O.;
Burkhardt, H.; Motzkus, H.-W.; Lankers, M.; Hofer, S.; Thiele, H.; Popp, J.
Appl. Environ. Microbiol. 2005, 71, 1626-1637.

Figure 2. Averaged UVRR spectra of male and female chickens’
feather pulp samples (baseline correction, vector normalization) and
difference spectrum by subtracting the female from the male UVRR
spectrum.

Figure 3. UVRR spectrum of a male chickens’ feather pulp sample
compared to a DNA spectrum of calf thymus and a protein spectrum
of hen egg white lysozyme.

1082 Analytical Chemistry, Vol. 80, No. 4, February 15, 2008
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generate the bands at 1355 and 1172 cm-1, which can be assigned
to CC and CN stretching motions.29-32

Furthermore, protein bands are found at 1648, 1615, 1569, 1452,
1355, 1336, 1210, 1172, 1007, and 756 cm-1 and can be assigned
to three aromatic amino acids phenylalanine, tryptophan, and
tyrosine. The band at 1648 cm-1 contributes to the CO stretching
vibration and NH in-plane bending vibration of the amide I mode.
The band around 1615 cm-1 is due to the in-plane CC ring
stretching mode of tryptophan and tyrosine. The bands at 1569,
1355, 1336, and 756 cm-1 also arise from tryptophan, more
precisely from CC and CN pyrrole stretching and bending
vibrations, whereas the band at 1452 cm-1 contributes to a minor
ring mode of tryptophan. The band at 1172 cm-1 finds its origin
from an in-plane CH bending vibration of tyrosine. Tryptophan
and phenylalanine exhibit a characteristic band at 1007 cm-1 due
to breathing modes of the benzene and pyrrole rings.31,33,34

In summary it can be said that the main differences between
female and male feather pulp UVRR spectra result from different
DNA contents of both genders. The Raman difference signals (see
Figure 1) being not characteristic for either female or male feather
pulp and therefore not useful for a gender determination arise in
the range of 1450 and 1350 cm-1, between 1150 and 1010 cm-1,
and below 1000 cm-1.

Chemometric Analysis. The results presented above dem-
onstrate that female and male feather pulp Raman spectra exhibit
subtle differences. However, for a quantitative gender determi-
nation a chemometric analysis is required. Prior to this analysis
the first derivative of the 326 UVRR spectra from male and female
feather pulp was calculated and vector normalized afterward.
Different chemometric methods were applied for the quantification
of variances between male and female chicken feather pulp
samples.35,36

Support Vector Machine. Supervised classification methods
like nonlinear SVMs require additional information about the
sample which can be added to the spectral information as
attributes. The quantity of attributes determines the number of
classes for the classification. By means of mathematical algo-
rithms, the best separation area of the multidimensional problem
is calculated. The problem for differentiating two classes (male
and female) can be ideally solved by SVM since no class of
unknown features has to be taken into account.

The analysis uses higher dimensional vector spaces because
each Raman spectrum contains 2109 data points. The result is a
classification model in terms of a multidimensional function.
Beside the relevant DNA signal information, the spectra are
influenced by the background, protein variations, or pyrolysis
effects. These spectral artifacts are taken into account to achieve
a closer reality simulation and make the model more robust. To
estimate the calibration model, the validation results of both the
leave-one-out validation test set and an independent data set of
unknown spectra are calculated. The independent data set of
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(31) Overman, S. A.; Bondre, P.; Maiti, N. C.; Thomas, G. J., Jr. Biochemistry
2005, 44, 3091-3100.

(32) Thomas, G. J., Jr. Annu. Rev. Biophys. Biomol. Struct. 1999, 28, 1-27.
(33) Asher, S. A.; Ludwig, M.; Johnson, C. R. J. Am. Chem. Soc. 1986, 108,

3186-3197.
(34) Kitagawa, T.; Hirota, S. In Handbook of Vibrational Spectroscopy: Applications

in Life, Pharmaceutical and Natural Sciences; Chalmers, J. M., Griffiths, P.
R., Eds.; John Wiley & Sons: Chichester, U.K., 2002; pp 3426-3446.

(35) Beebe, K. R.; Pell, R. J.; Seasholtz, M. B. ChemometricssA Practical Guide;
John Wiley & Sons, Inc.: New York, 1998.

(36) Henrion, R.; Henrion, G. Multivariate DatenanalysesMethodik und
Anwendung in der Chemie und verwandten Gebieten; Springer-Verlag: Berlin,
1995.

Table 1. Raman Band Assignment of DNA and Protein in Feather Pulp Spectra

bands
(cm-1) protein DNA ref

756 tryptophan, phenylalanine: symmetric benzene/pyrrole
in-phase breathing mode

31, 33

1007 phenylalanine, tryptophan: symmetric benzene/pyrrole
out-of-phase breathing mode

31, 33, 38

1172 tyrosine: in-plane C-H bending C, T: CC and CN stretching 33, 38, 39
1210 tyrosine, phenylalanine: ring C-Câ stretching 33, 38
1336 tryptophan: Fermi resonance between N1-C8 stretching in

pyrrole ring and combination bands of out-of-plane bending
A: C5N7, N7C8 stretching G 31, 38, 40

1355 tryptophan: Fermi resonance between N1-C8 stretching in
pyrrole ring and combination bands of out-of-plane bending

G: N7C8, N1C6, N5N7 stretching 33, 38, 40

1369 C: C4N, N2C2 stretching 40
T: C6H bending, ring stretching

1414 A, G: C4N9 stretching, C8H deformation 39, 40
1452 tryptophan: minor ring mode
1480 G: C8H deformation, N9C8 and C8N7

stretching
31, 32, 39, 40

A: C8H deformation, N9C8 stretching
1500
1522 C: N3C4 stretching 39, 40
1548 tryptophan: C-C stretching vibration of the pyrrole ring 33, 38
1569 tryptophan: in-plane C-C stretching mode of pyrrole ring A, G: NH2 deformation vibration 32, 33, 38
1594 G: NH2 bending, C2N stretching 40

C: NH2 bending, C4N stretching
1615 tyrosine, tryptophan: in-plane CdC ring stretching 33, 38
1648 amide I: C-O stretching vibration and N-H in-plane bending C: C2dO stretching 31, 32, 34, 39, 40

T: C4dO-C4C5 stretching
G: N2H2 scissoring
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unknown spectra was achieved by dividing randomly the data set
into the calibration set of 217 spectra (two-thirds of all spectra)
and the validation set of 109 spectra. Therefore, two classification
results can be discussed. The classification rates of the leave-one-
out validation test set are shown in Table 2. When taking all
spectral and attributed information into account, 98.3% of the male
and 94.8% of the female feather pulp samples can be classified
correctly. The validation results of the data set of unknown spectra
are summarized in Table 3. The classification is possible with a
probability of 98% for male and of 92% for female feathers. These
recognition rates of both the validation data set and the unknown
feather pulp samples have comparable error variances as manual
vent sexing with an accuracy of about 95%.

These results can be compared to those obtained for an
unsupervised HCA. For such an analysis only the spectral data
set is required, and no further information about class affiliation
(features) of the objects (spectra) are included into the similarity
calculation. Table 4 presents the HCA classification results in
detail. The classification rates for female decreases to 81% and
for male to 72%. These results demonstrate that the variances of
the spectra are too high for an acceptable classification. Thus,

supervised classification methods such as SVM are advantageous,
also in consideration of the possibility for the identification of
unknown samples.

Principal Component Analysis. The SVM showed to be a
practical separation tool between female and male chicken samples
with recognition rates of about 95%. In order to determine the
decisive spectral regions for the classification of chicken’s feather
pulp samples a PCA was applied to the original normalized data
set. The PCA is used to model the data and to determine the
spectral variances associated with the feather pulp of male and
female chickens. The variation of the data set is described via a
few basis vectors or principal components (PC). More precisely,
the first PC describes the greatest part of the data set variance,
whereas higher PCs describe only noise. The coordinates of the
data according to the new axes are called scores, and the
contributions of the original variables to the PCs are called
loadings. After the calculation, similar spectra group together in
the scores plot. The loadings plot provides information of the
variables (wavenumbers of the spectrum) that are important for
group separation.

Figure 4 shows the three-dimensional diagram of a scores plot
of the first three principal components of 326 male and female
chicken feather pulp samples’ UVRR spectra for the wavenumber
range between 1140 and 1730 cm-1. The scores plot reflects a
clear separation of male and female feather pulp samples. It is
possible to separate both genders with a few principal components,
although the groups are disperse and sometimes overlap each
other. The diffuse grouping originates from several reasons; for
example, fluctuations in excitation power can influence the Raman
intensity but are corrected by scaling methods. The spectral
background resulting from variations in the sample thickness can
be corrected by calculating the first-derivative spectra. Further-
more, a different sample composition, e.g., the ratio between DNA
and protein content, can influence the spectrum quality. This effect
is illustrated in Figure 5 A. An enlarged protein content which
can be seen at the 1452 cm-1 band showing almost the same
intensity as compared to the amount of DNA represented by the
1480 cm-1 mode (compare Table 1) is demonstrated in spectrum

Table 2. SVM Results by Leave-One-Out Methoda

data set classification result estimation (%)

real
no. of

samples
male

chicken
female

chicken correct
wrong

(error type)

male chicken 171 168 3 98.3 1.7 (type I)
female chicken 155 10 145 93.6 6.4 (type II)

95.9 4.1

a The recognition rate for male and female chickens’ samples is
demonstrated for all 326 spectra.

Table 3. SVM Results by Test Set Methoda

data set classification result estimation (%)

real
no. of

samples
male

chicken
female

chicken correct
wrong

(error type)

male chicken 57 56 1 98.2 1.8 (type I)
female chicken 52 4 48 92.3 7.7 (type II)

95.4 4.6

a The original data set of male and female chickens’ samples is split
into a data set for calibration (217 spectra) and a data set for validation
(109 spectra).

Table 4. Number of Correctly and Wrongly Classified
Spectra of Male and Female Chickens’ Feather Pulp
Samples of the Full Data Set (326 Spectra) Resulting
by HCA

data set classification result estimation (%)

real
no. of

samples
male

chicken
female

chicken correct
wrong

(error type)

male chicken 171 123 48 71.9 28.1 (type I)
female chicken 155 30 125 80.6 19.4 (type II)

76.3 23.7

Figure 4. Three-dimensional diagram of the PCA-scores plot of
male and female feather pulp samples spectra in the spectral range
between 1140 and 1730 cm-1.
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a. In contrast, a high DNA content discernible by the enhanced
band intensities at 1569, 1480, and 1355 cm-1 is represented by
spectrum e. During the Raman measurements, a spectral super-
position between spectra, which are dominated by protein
(spectrum a) or DNA (spectrum e) contents (spectra b, c, and d)
occurred. The mode of sample preparation can also influence the
Raman spectrum when too thin sample smears are used. In
spectrum c, this effect is visualized where a broadened band at
800 cm-1 occurs due to the background spectrum of the quartz
slide. Furthermore, small variations in signal intensities can be
attributed to inhomogeneous surface tension as well as to possible
photodegradation of the sample due to UV light irradiation. Figure
5B illustrates the influence of a progressive photodegradation of

the samples during the measurement. In comparison to the
nondegraded spectrum a, spectrum b shows a less and spectrum
c a stronger degradation effect noticeable by decreased signal
intensities at 1480 and 1336 cm-1 relative to the signal at 1615
cm-1.

In order to determine the data set variances associated with
feather pulp of male and female chickens, the loading plots need
to be interpreted. In Figure 6A-C the average spectra of the male
and female chickens’ feather pulp samples (above) and the loading
plots of the first three principal components PC1, PC2, and PC3
(below) are compared. Signal regions reflecting information of
DNA, proteins, or both are marked with a rectangle and labeled
with the respective wavenumber positions. The PC1 loading plot

Figure 5. (A) Influence of different cell compositions on the Raman spectra: spectrum a with a heightened protein content, spectrum b with
a dominant background signal of quartz, spectra c and d as mixture spectra of variations between protein and DNA composition, and spectrum
e with an increased DNA content. (B) Influence of photochemical degradation during a measurement (curves a-c: increasing pyrolysis).

Figure 6. Loading plots of the first three principal components highlighting regions associated with large loadings compared to average spectra
of the first derivative of the male and female chickens’ feather pulp samples.
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(Figure 6A) shows nine different signal regions with high loadings.
The spectral regions of 1569, 1500, 1522, and 1480 cm-1 as well
as the region of 1414 and 1324 cm-1 show positive loadings and
are correlated to DNA information. The wavenumber regions of
1635, 1594, 1522, and 1355 cm-1 represent both DNA and proteins
bands.

The loading plot of PC2 (Figure 6B) includes three spectral
regions with intensive loadings containing DNA information (1480
and 1336 cm-1 bands). Bands originating from both proteins and
DNA are found in the wavenumber region around 1594 cm-1.

The loading plot of PC3 (Figure 6C) shows eight strong loading
regions. The first region around 1615 cm-1 represents protein
information, and the second region at 1500 cm-1 yields DNA
information. The regions at 1648, 1594, 1452, 1336, 1210, and 1172
cm-1 are correlated to both DNA and protein information.

These first three PCs can clarify 83% of the data set variation
and focus with strong loadings on 13 different wavenumber
regions in the range between 1660 and 1336 cm-1. Due to the
deep UV excitation wavelength leading to a selective enhancement
of aromatic amino acids in proteins and DNA bases, the different
wavenumber regions can be correlated to a superposition of DNA
and proteins signals.

CONCLUSIONS AND OUTLOOK
Gender determination of birds is important for poultry industry

as well as for bird keepers. Current invasive analysis methods
imply increased risk for the bird’s health. The work presented
within this paper nicely demonstrates that UVRR spectroscopy of
feather pulp is a capable alternative and minimal invasive method
for gender determination.

The sample collection can be performed without distressing
the animals in contrast to other methods like endoscopic surgery
or blood analysis. The risk of anesthetic problems is excluded.
The sample preparation is simple, and the sample extracts can
directly be analyzed to achieve a Raman fingerprint spectrum
within 1 min. For gender determination, the spectrum will be
compared to a setup database by chemometrical methods. Thus,
this approach presents a quick and easy method for gender
determination.

In this contribution the influence of the selectively enhanced
feather pulp constituents of the feather extracts to the feather pulp
Raman spectrum was discussed. For that purpose the Raman

spectra of the extract material were compared to those of pure
DNA and proteins.

Different chemometrical methods were used to elucidate the
spectral characteristics of male and female chicken samples. For
classifying the recorded spectra, in this approach the supervised
classification method SVM was applied. A classification model was
created and applied to unknown samples for gender determination.
The SVM showed to be a practical separation tool for female and
male chicken samples with recognition rates of about 95%. The
influence of spectra with increased photodegradation or with
enhanced protein signals rates did not influence the classification
results significantly.

In order to determine the important spectral regions for the
classification of chicken’s feather pulp samples a PCA was applied.
The first three principal components can elucidate 83% of the data
set variation and are necessary for a satisfactory differentiation
between male and female feather pulp spectra. The loadings plots
showed seven different wavenumber regions in the range between
1660 and 1336 cm-1 that are important for group separation. Since
an excitation wavelength in the deep UV was applied a selective
enhancement of aromatic amino acids in proteins and DNA bases
is achieved. Therefore, the different wavenumber regions are
correlated to a superposition of DNA and proteins signals.

The principle application of UVRR spectroscopy for a gender
determination of birds has been demonstrated so far for chickens.
In future work these investigations need to be extended to other
birds like turkey. Here, a quick and simple gender determination
has to be provided for optimizing the feeding conditions to reach
better economic profits in poultry industry.

In the future the exploratory focus is also on better classifica-
tion accuracy. The value of 98.5% which is the commercial
accuracy acceptance of automated gender sorting of avian
embryos37 must be the goal. It can be reached by optimizing the
sample preparation and sample handling to generate more
homogeneous spectra. The minimization of photodegradation will
be one of the main aspects in this respect.
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tungen, Anfertigung des Manuskripts
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Analysis of single blood cells for liquor diagnostics via a combination of fluore-
scence staining and micro-Raman spectroscopy, Analyst 2008, online publiziert
(DOI10.1039/b716132h).

2. M. Harz, M. Krause, T. Bartels, K. Cramer, P. Rösch, J. Popp, Mi-
nimal invasive gender determination of birds by means of UV-resonance Raman
spectroscopy, Analytical Chemistry 2008, 80, 1080-1086.
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M. Harz, P. Rösch, M. Kiehntopf, E. Straube, T. Deufel, J. Popp.

9. Automated monitoring and identification of bioaerosols by Raman spectroscopy.
International Conference on Raman Spectroscopy (ICORS) 2006, Yokohama, Japan;
M. Krause, M. Harz, P. Rösch, J. Popp.
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Ein Dankeschön gilt meinen Büromitbewohnern Martin Presselt, Mario Krause, Angela

Walter, Anne März und Anna Keese für die angenehme Gesellschaft und besonders Mar-

tin für seine unterhaltsamen Ablenkungsmanöver. Vielen Dank an Torsten Frosch für die
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