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ABSTRACT

The present dissertation covers the development of spectroscopic methods for quantitative
detection of heme synthesis and heme metabolization molecules, in particular porphobilinogen,
uroporphyrin I and III, coproporphyrin I and III, hemoglobin and bilirubin. The first three
substances are highly specific biomarkers for the diagnosis of acute porphyria, the other two for
the diagnosis of hemoglobinemia. New diagnostic tests were developed for both clinical pictures.

In the heme biosynthesis, 5-aminolevulinic acid is metabolized via porphobilinogen and
porphyrinogens to protoporphyrin IX, which then forms the heme complex with divalent iron
(Fe*). The steps of the heme synthesis are enzymatically catalyzed. If one of the enzymes is
inhibited in its activity by a genetic disorder, the resulting condition is called porphyria. Precursors
to heme such as porphyrinogens, porphyrins and porphobilinogen then accumulate in the body
and are excreted with the urine. The detection of elevated levels of porphyrins and porphobilinogen
in urine allows for the diagnosis of acute porphyria with very high specificity, but so far there is no
rapid test for both substances. Since acute porphyria is a very rare disease and shows very unspecific
but life-threatening symptoms, patients with acute porphyria are often unrecognized and
undiagnosed. A suitable screening test could prevent this.

To develop a rapid test for porphyrins and porphobilinogen, a device set-up was designed and
constructed allowing for spectroscopic measurements of absorption and fluorescence on urine
samples. An additional heating coil integrated into the device enables controlled and rapid heating
of samples and thus the condensation of porphobilinogen to uroporphyrin I and porphobilin,
which can be detected by either fluorescence or absorption spectroscopy. Using this setup, three
new methods have been developed that can be combined to form an innovative rapid test for acute
porphyria. It enables, first, the controlled photo-oxidation of porphyrinogens to porphyrins,
second, the quantification of total porphyrins in urine in the concentration range between 0.2 and
20 umol/L by a spectral fitting algorithm on the second detivative of spectra of patient samples
and third, the indirect quantitative detection of porphobilinogen by the quantification of both or
either uroporphyrin I or porphobilin. The developed test allows for the execution of all three
methods including sample preparation in less than 15 minutes.

The aim of the second spectroscopic method of this dissertation thesis was the quantification of
free hemoglobin in blood plasma, which results from strong intravascular hemolysis. Bilirubin, a
substance occurring in the metabolism of heme, is elevated in the blood plasma following severe
hemolysis. Bilirubin prevents the quantification of free hemoglobin even at very low concentrations
when employing the standard optical method for free hemoglobin quantification. A mathematical
fit algorithm using the second derivative of plasma absorption spectra was developed and applied
on 492 samples. It allows for the quantification of both free hemoglobin and bilirubin in blood
plasma, and was therefore named “HEBI-Fit”. The publication also includes the algorithm as a
Microsoft Excel file to enable other laboratories to easily implement the innovative method in their
daily routine.






ZUSAMMENFASSUNG

In der vorliegenden Arbeit wurden spektroskopische Methoden zum quantitativen Nachweis von
Molekiilen der Him-Biosynthese und der Him-Metabolisierung entwickelt, im Speziellen
Porphobilinogen, Uroporphyrin I und III, Koproporphyrin I und III, Himoglobin und Bilirubin.
Die ersten drei Stoffe stellen sehr spezifische Biomarker fir die Diagnose von akuter Porphyrie
dar, die Anderen fiir die Diagnose von Himoglobindmie. Fiir beide Krankheitsbilder wurden neue
diagnostische Tests entwickelt.

In der Himsynthese wird iiber mehrere metabolische Schritte von 5-Aminolavulinsiure ausgehend
Porphobilinogen und daraus iiber Porphyrinogene Protoporphyrin IX erzeugt, das den Him-
Komplex mit zweiwertigem Eisen (Fe*") bildet. Die Schritte der Himsynthese sind enzymatisch
katalysiert. Falls durch eine genetische Stérung eines der Enzyme in seiner Aktivitit gechemmt ist,
spricht man von Porphyrie. Vorlduferstoffe zu Him wie Porphyrinogene, Porphyrine und
Porphobilinogen reichern sich dann im Koérper an und werden unter anderem mit dem Urin
ausgeschieden. Der Nachweis von erhohten Konzentrationen von Porphyrinen und
Porphobilinogen in Urin erlaubt mit sehr hoher Spezifitit die Diagnose von akuter Porphyrie, es
existiert jedoch kein Schnelltest fiir beide Substanzen. Da akute Porphyrie eine sehr seltene
Erkrankung ist und sehr unspezifische, allerdings lebensbedrohliche Symptome zeigt, wird akute
Porphyrie hiufig nicht erkannt und Patienten fehldiagnostiziert. Ein geeigneter Schnelltest kénnte
das verhindern. Zur Entwicklung eines Schnelltests fiir Porphyrine und Porphobilinogen wurde
ein Messaufbau konstruiert, der spektroskopische Messungen der Absorption und Fluoreszenz an
Urinproben ermdglicht. Ein zusitzlich in das Gerit integriertes Thermoelement erlaubt
kontrolliertes und schnelles Erhitzen von Proben und damit die Kondensation von optisch nicht
nachweisbarem Porphobilinogen zu Uroporphyrin I und Porphobilin, welche iiber Fluoreszenz-
beziechungsweise Absorptionsspektroskopie nachgewiesen werden kénnen. Es wurden mithilfe
dieses Aufbaus drei Methoden entwickelt, die zu einem neuen Schnelltest fiir akute Porphyrie
kombiniert werden koénnen. Dieser erlaubt erstens die kontrollierte Foto-Oxidation von
Porphyrinogenen zu Porphyrinen, zweitens die Quantifizierung der Gesamtporphyrine in Urin im
Konzentrationsbereich zwischen 0,2 und 20 umol/L durch ein mathematisches Niherungs-
Verfahren an der zweiten Ableitung der Spektren von Patientenproben und drittens den indirekten,
quantitativen Nachweis von Porphobilinogen durch die Quantifizierung von Uroporphyrin I oder
Porphobilin. Das entwickelte Messverfahren ermdglicht die Durchfithrung aller drei Messungen
inklusive Probenvorbereitung in weniger als 15 Minuten.

Ziel der anderen spektroskopischen Methode dieser Promotionsarbeit war die Quantifizierung von
freiem Hiamoglobin in Blutplasma, welches durch starke intravaskulire Hamolyse entsteht.
Bilirubin, ein Stoff der bei der Metabolisierung von Him auftritt, findet sich bei schwerer Himolyse
vermehrt im Blutplasma. Bilirubin verhindert bereits in sehr geringen Konzentrationen die Quan-
tifizierung von freiem Hdmoglobin bei Messungen mit der Standardmethode. Es wurde an 492
Proben ein mathematischer Niherungs-Algorithmus (,,HEBI-Fit* genannt) an der zweiten Ab-
leitung der Plasmaabsorptionsspektren entwickelt, welcher die Quantifizierung von freiem Himo-
globin und von Bilirubin erméglicht. Der entsprechenden Publikation wurde dieser Auswerte-
Algorithmus als Microsoft Excel File angehingt, um es anderen Laboren zu ermdglichen, diese
innovative Methode selbst einfach in ihre Labor-Auswertungen zu implementieren.






SPEKTROSKOPISCHE QUANTIFIZIERUNG VON
MOLEKULEN DES HUMANEN HAM-
METABOLISMUS

Diese Arbeit wird als kumulative Dissertation vorgelegt und besteht aus zwei veroffentlichten
Originalmanuskripten als Erstautor. Beide Manuskripte verbindet inhaltlich die Quantifizierung
von Molekiilen der humanen Him-Biosynthese und -Metabolisierung, nimlich Porphyrinen und
Porphobilinogen (PBG) in Urin [1] und Himoglobin und Bilirubin in Blutplasma [2], mittels
Absorptions- oder Fluoreszenzspektroskopie. In beiden Fillen wurde dabei ein nichtlineares,
mathematisches Niherungs-Verfahren an der zweiten Ableitung der Spektren entwickelt und
angewendet, wodurch Storeinflisse, wie der stark variierende spektrale Untergrund bei
Patientenproben [1, 2] und von Molekiilen mit Gberlappender spektraler Signatur (Bilirubin) [2],
eliminiert werden konnten. Die Aufgabenstellung beider Projekte motiviert sich aus dem direkten
Bedarf aus der Klinik: Die Bestimmung von PBG und Gesamtporphyrinen im Urin ist als
diagnostischer Test bei Verdacht auf einen Anfall von akuter Porphyrie von gro3er Bedeutung; die
exakte Quantifizierung von freiem Hiamoglobin in Blutplasma bei Anwesenheit von Bilirubin ein
bisher nicht zufriedenstellend geléstes Problem in der Routine der Labormedizin.

SYNTHESE UND METABOLISIERUNG VON HAM

Him ist ein organischer Komplex aus Protoporphyrin IX, bestehend aus einer ringférmigen
Anordnung von vier Pyrrolringen und zwei Carboxyl-Seitenketten, und einem zweiwertigen
Eisenion (Fe’") als Zentralatom [3]. Es spielt als prosthetische Gruppe von unterschiedlichen
Proteinen wie Himoglobin, Myoglobin und Zytochromen eine elementare Rolle fir biologische
Prozesse wie den Sauerstofftransport, die Zellatmung, als Elektronendonor und -akzeptor in
Redoxreaktionen und als katalytisches Zentrum fiir die Metabolisierung von Medikamenten oder
Toxinen [3-5]. Him wird fiir die Zellatmung prinzipiell in fast jeder Zelle des Korpers produziert,
ein GrofBteil der Produktion findet jedoch im Knochenmark und in der Leber statt [3]. Uber 85%
der tiglichen Himproduktion dienen der Erythropoese [3]. Die Him-Biosynthese besteht aus acht
enzymatisch katalysierten Schritten, welche in den Mitochondrien und im Zytoplasma stattfinden
[3]. Aus Glycin und Succinyl-Coenzym A wird in mehreren Schritten Giber 5-Aminolidvulinsdure,
PBG und Uroporphyrinogen 111 Protoporphyrin IX erzeugt [3, 6]. In dieses wird durch das Enzym
Ferrochelatase ein Eisenion eingefiigt und bildet damit den Himkomplex [3, 7, 8]. Bei der
Erythropoese findet dieser Prozess in den Vorliuferzellen der Erythrozyten statt, welche vor dem
Eintritt in den Blutkreislauf Zellorganellen wie den Zellkern, Mitochondrien und das
endoplasmatische Retikulum verlieren [9]. Die Lebensdauer der Erythrozyten betrdgt etwa 120
Tage [6]. Alte oder beschadigte Erythrozyten werden von der Milz aus dem Blutstrom gefiltert,
phagozytiert und durch Makrophagen abgebaut [10]. Die Globinkette wird in seine Aminosiuren
zetlegt und somit wiederverwertet. Him wird aufgespalten, wobei Biliverdin entsteht [11], und das
frei werdende Eisenion wird von Ferroportin und Ferritin, dem FEisenspeicherprotein,
aufgenommen [12]. Biliverdin wird zu Bilirubin reduziert, welches an Albumin gebunden durch
den Blutkreislauf zur Leber transportiert wird [13]. Durch Glucuronat-Konjugation wird Bilirubin
dort wasserldslich gemacht, um tber die Galle in den Darm abgegeben werden zu kénnen [13].
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Der gesamte Prozess der Himsynthese und —metabolisierung ist in Abbildung 1 gezeigt. Falls
Erythrozyten platzen (Hédmolyse) und Himoglobin frei im Blutplasma treibt, koénnen
Fangerproteine (Himopexin und Haptoglobin) im Blutplasma an das freie Himoglobin oder Him
binden und der reguliren Metabolisierung in der Leber zufiihren [14]. Bei starker Himolyse reichert
sich das freie Himoglobin zunehmend im Blutplasma an [14]. Durch den verstirkten Abbau
kommt es in der Folge auch zur Anreicherung von Abbauprodukten wie Bilirubin im Blutplasma

[15].
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Abbildung 1: Schematische Darstellung der Himbildung und -metabolisierung. Aus Glycin und Succinyl-Coenzym A
wird iiber acht enzymatische Schritte, hier als Pfeile dargestellt, Him gebildet. Start- und Endpunkt der Synthese liegt
in den Mitochondrien, wo Him regulierend die Synthese von 5-Aminolivulinsdure hemmt. Die drei akuten,
autosomal-dominanten Porphyrien, welche fiir diese Arbeit relevant sind, sind in blau neben der enzymatischen
Reaktion eingezeichnet, welche bei der entsprechenden Porphyrie beeintrichtigt ist. Himoglobin ist hauptsiachlich
in den Erythrozyten fiir den Sauerstofftransport verantwortlich. Alte und beschidigte rote Blutkérperchen werden von
der Milz wiederverwertet und die entstehenden Zwischenprodukte von der Leber metabolisiert. Dies geschieht
ebenfalls, wenn Erythrozyten platzen und das Him frei im Blutplasma treibt. In diesem Fall binden Glycoproteine an
das freie Himoglobin und fithren es der Metabolisierung zu.



' SPEKTRALE EIGENSCHAFTEN VON PORPHOBILINOGEN,
\ PORPHYRINEN UND HAMOGLOBIN

Absorbierende und nicht absorbierende Molekiile im Hamzyklus kénnen hiufig anhand ihres
Suffixes im Namen unterschieden werden. Die Endung —ogen impliziert nicht absorbierende
Molekiile, wie Porphobilinogen oder Porphyrinogen, wohingegen Molekiile mit Endung —in
Pigmente sind, wie zum Beispiel Porphyrin oder Bilirubin. Spektren der fiir die Arbeit relevanten
Substanzen sind exemplarisch in Abbildung 2 sowohl fiir Absorption als auch Fluoreszenz gezeigt.
Im Folgenden wird kein Unterschied zwischen den I und III Isomeren von Uroporphyrin und
Koproporphyrin gemacht, da deren spektrale Eigenschaften fiir die Zwecke dieser Arbeit identisch
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Abbildung 2: Die Absorption aller in dieser Arbeit relevanten Porphyrinmolekiile (links) weist ein deutliches
Maximum im Bereich um 400 nm auf, die Soret-Bande. Die exakte Form und Position ist dabei stark von der Menge
und Art von Seitenketten (vergleiche Uroporphyrin und Koproporphyrin), dem Zentralatom (sieche Him) und dem
umgebenden Medium (vergleiche Porphyrine in Salzsiure (HCl, pH<1) mit Porphyrinen in neutraler Lésung (pH
7)). Zudem sind mit geringerer Intensitit die Q-Banden im Bereich um 500-620 nm erkennbar. Das aus
Porphobilinogen erzeugte gelbe Pigment, Porphobilin, ist kein Porphyrin und zeigt eine deutlich anders geformte
Absorption mit Maximum bei 480 nm. Die Fluoreszenz von Uroporphyrin und Koproporphyrin in neutraler und saurer
Umgebung ist rechts gezeigt.

Das Porphyrinskelett besteht aus vier Pyrrolringen verbunden durch Methin. Die Struktur des
Tetrapyrrol-Rings und die Bindungsabstinde wurden mittels Rontgenbeugung an Porphyrinen mit
einer groflen Anzahl verschiedener Seitenketten gemessen und zeigt sich als sehr starr [16].
Typische Abstinde der Bindungen liegen je nach Bindungswinkel zwischen 1.34 A und 1.45 A [16].
Porphyrine zeichnen sich durch eine ausgedehnte delokalisierte n-Elektronenwolke aus, bestehend
aus elf konjugierten, alternierenden Einzel- und Doppelbindungspaaren [16]. Diese fiihrt zu einer
starken Absorption im violetten Wellenlingenbereich, der sogenannten Soret-Bande um 400 nm,
und mehreren, weniger intensiven Absorptionsbanden, Q-Banden genannt, zwischen 500 nm und
650 nm. Einige Porphyrine, wie Uroporphyrin, Koproporphyrin und Protoporphyrin IX, weisen
zudem nach Anregung der Soret-Bande eine starke Fluoreszenz auf, welche zwischen 600 nm und
700 nm liegt und durch zwei unterschiedlich hohe Emissionsmaxima charakteristisch fir
Porphyrinfluoreszenz ist. Die genaue Position der Absorptions- und Emissionsmaxima hingt stark
von der Art des Porphyrins, also den Seitenketten und der Konfiguration des Zentrums, ab. So
zeigt zum Beispiel Him, und damit auch Himoglobin, keine Porphyrinfluoreszenz [17, 18]. Grund
dafiir ist zum einen das zentrale Metallion, das die Wahrscheinlichkeit fir Intersystem-Crossing
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vom Singulett- in den Triplettzustand erhoht und damit die Relaxation des angeregten Zustands
Uber Fluoreszenz verringert, und zum anderen die Elektronenkonfiguration des Zentralatoms. Bei
Him liegt das FEisen in der Elektronenkonfiguration ,,[Afr] 3d*‘ vor, also einer nicht
abgeschlossenen Elektronenschale. Die nicht an einer Bindung beteiligten Elektronen erhéhen die
Wahrscheinlichkeit fiir Intersystem-Crossing nochmals und fiihren damit zu einer vollstindigen
Unterdriickung der Fluoreszenz [19]. Zudem beeinflusst auch das umgebende Medium die
Absorption und Fluoreszenz. Im sauren Milieu unter pH 3,5 wird das Zentrum des Porphyrinrings
durch zwei Wasserstoffatome protoniert und die planare Konformation des Porphyrinmolekiils
andert sich. Dadurch erhéht sich die Symmetrie des Molekiils, was zu schmaleren Soret-Banden
und einer Rotverschiebung des Anregungsspektrum und Blauverschiebung der Emission fithrt [20,
21].

Porphyrine werden in der Himsynthese aus vier Porphobilinogenmolekiilen erzeugt. PBG ist eine
farblose Substanz bestehend aus einem Pyrrolring mit zwei Carboxylseitenketten [22], welche ein
sehr spezifischer Marker fiir akute Porphyrie ist. Da PBG keine Absorption im sichtbaren oder
UV-Spektralbereich besitzt, ist ein direkter photometrischer Nachweis nicht méglich [23]. PBG ist
somit nur indirekt iber den Nachweis von spezifischen Reaktionsprodukten méglich und wird
klassischerweise tber eine rote Farbreaktion mit Dimethylaminobenzaldehyd (Ehrlich-Reagenz)
nachgewiesen, wie von Mauzerall und Granick etabliert [24]. Neben der Ehrlich-Reaktion bietet
die Umwandlung von PBG mittels einer enzymatischen Reaktion oder durch Heizen induzierte,
spontane Kondensation zu Uroporphyrinogen die Moglichkeit, nach Oxidation von
Uroporphyrinogen zu Uroporphyrin, dieses iiber dessen Fluoreszenz oder Absorption
nachzuweisen [23, 25]. AuBBerdem entsteht durch Heizen von PBG Porphobilin ein gelbes Pigment
mit Absorptionsmaximum bei 480 nm, welches absorptionsspektroskopisch nachgewiesen werden
kann [23].

‘ SPEKTRALES FITTEN DURCH MINIMIERUNG DES RESIDUUMS DER
‘ ZWEITEN ABLEITUNG

In einer ausreichend verdiinnten Losung tragen alle in ihr gelosten Stoffe additiv zur Absorption
und Fluoreszenz bei; das Spektrum besteht also aus einer linearen Kombination der
Einzelspektren. Das ist insofern problematisch, als oftmals nur eine Substanz von Interesse ist,
andere Molekile jedoch das Spektrum dieser Substanz tberlagern und somit eine direkte
Auswertung der Intensitit bei einer festgelegten Wellenlinge fehlerbehaftet ist [26]. Falls die
Einzelspektren aller Substanzen bekannt sind, kénnen diese voneinander getrennt werden. Fur
biologische Proben mit einer Vielzahl von Substanzen ist die Auftrennung des
Untergrundspektrums jedoch meist nicht moglich. Allerdings fillt das spektrale Signal solcher
Proben zu lingeren Wellenlingen hin ab, wodurch ein monotoner Kurvenverlauf entsteht. In
Blutplasma sind dafiir hauptsichlich die Transportproteine wie Albumin und Globulin sowie
Bilirubin, Riboflavin und Pyridoxalphosphat verantwortlich [27]; im Utrin eine Vielzahl von
Molekilen, unter anderem Pyridoxinsdure und Riboflavin [28]. Bei biologischen Proben wie Blut
oder Urin ist dieser Untergrund zudem nicht konstant, sondern unterliegt bereits innerhalb des
Tagesverlaufs inter- und intraindividuellen Schwankungen. Das ist in Abbildung 3 beispielhaft an
6 Urinproben gesunder Spender gezeigt, welche vollkommen unterschiedliche spektrale Formen
und Intensititen aufweisen, jedoch alle im Bereich von 525 nm zu lingeren Wellenlingen hin
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monoton abfallen. Somit kann weder eine Konstante fiir den Untergrund abgezogen werden, noch
dieser durch eine einfache Kurve modelliert werden. In solchen Fallen zeigt ein Verfahren, das die
spektralen Beitrige tiber die Minimierung des Residuums der zweiten Ableitung ermittelt, grof3e
Vorteile. Das zugrunde liegende Prinzip der Verwendung der zweiten Ableitung eines Spektrums
ist bereits seit vielen Jahren bekannt [29, 30]. Ausgangsbasis ist die Annahme, dass der
Probenuntergrund im Bereich des Referenzspektrums, der von Interesse ist, keine starken
Krimmungsanderungen aufweist. Das Reinspektrum der gesuchten Substanz (Referenzspektrum)
wird von dem Spektrum der Patientenprobe subtrahiert und die zweite Ableitung des
resultierenden Spektrums (Residuum) gebildet. Der spektrale Probenuntergrund ist in der zweiten
Ableitung nahezu Null, da er nur geringe Krimmungsinderungen enthilt, und somit stammen alle
Beitrige der zweiten Ableitung des Residuums von der Substanz, die quantifiziert werden soll. Die
Amplitude des Referenzspektrums, welche vom Probenspektrum abgezogen wird, wird nun
solange iterativ variiert, bis das Residuum in der zweiten Ableitung minimal wird. Wenn dieser
Zustand erreicht ist, entspricht die Amplitude des Referenzspektrums der tatsichlichen Amplitude
der Substanz von Interesse. Die Konzentration wird dann durch den Vergleich dieser Amplitude
mit einer unabhingig aufgenommenen Kalibrationskurve der Reinsubstanz quantifiziert.

% 10° Abbildung 3: Fluoreszenzspektren von Urinproben
18 T T T \ sechs gesunder Spender zeigen bei Anregung mit
Probe 1 400 nm extrem unterschiedliche spektrale Verliufe,

T4r ——Probe 2 ] . )
Probe 3 welche auf eine sowohl absolut als auch relativ
12 F Probe 4 7 zueinander schwankende Zusammensetzung
3 —— Probe 5 unterschiedlicher Fluorophore hindeutet. Im Bereich

Probe & ab 525nm nimmt die Intensitit zu lingeren

Wellenlingen monoton ab, aufler fiir die beiden
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Signatur von Porphyrinen, die auch bei gesunden

Fluoreszenzintensitat (a.u.)
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‘ PORPHYRIE ALS ERKRANKUNG DER HAM-BIOSYNTHESE

Porphyrien sind eine Gruppe seltener, hauptsichlich genetisch bedingter Stoffwechselstérungen
der Him-Biosynthese, die jeweils durch die Fehlfunktion eines der acht enzymatischen Schritte bei
der Himbildung verursacht werden [3, 31, 32|. Durch die verringerte Aktivitit des Enzyms und
damit verbundene Verzégerung in der Weiterverarbeitung von Himvorlidufern entsteht ein fir die
Art der Porphyrie spezifisches Akkumulationsmuster von 5-Aminoldvulinsiure, PBG und
Porphyrinen im Blut, Urin und Stuhl [31, 33]. Die Erkrankungen kénnen grob als akute oder
chronische Porphyrie klassifiziert werden. Die vorliegende Arbeit befasst sich ausschlieBlich mit
den akuten, autosomal-dominant vererbten Porphyrien, nimlich akute intermittierende Porphyrie,
hereditire Koproporphyrie und Porphyrie Variegate, welche mit einer kombinierten Pravalenz von
ca. 1 in 10.000 untersuchten Fillen die hdufigsten akuten Porphyrien darstellen [3, 33, 34]. Akute
Porphyrien zeichnen sich durch latente Phasen ohne Krankheitssymptome aus, die von Anfillen
mit sehr unspezifischen Symptomen unterbrochen werden. Typischerweise beginnt ein akuter
Krankheitsschub mit starken Abdominalschmerzen, die unbehandelt zu schweren neuropathischen
Symptomen wie Krampfanfillen, Lihmungserscheinungen und zum Tod durch Atemstillstand
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fithren koénnen. Der unspezifische Charakter der Symptome fithrt hiufig dazu, dass akute
Porphyrien tibersehen oder falsch interpretiert werden. Eine amerikanische Studie kommt zu dem
Ergebnis, dass die korrekte Diagnose im Mittel erst 15 Jahre nach dem FEinsetzen der ersten
Symptome gestellt wird [35], was mit einer Vielzahl an Fehlbehandlungen, unnétigem Leid der
betroffenen Patienten und Kosten fir das Gesundheitssystem verbunden ist [36]. Bei einem
Verdacht auf einen Anfall akuter Porphyrie ist der medizinische Konsens fur die Diagnostik die
Bestimmung der Konzentration von PBG und Porphyrinen im Urin [37-40]. Sind diese Werte
erhoht (iber 2 mg/L fir PBG und tber 200 nmol/L fur Porphyrine) [41, 42], kann durch die Gabe
von Himsynthese-Hemmer wie Glucose oder Himatin der Anfall therapiert werden, da diese eine
negative Riickkopplung auf die Aktivitit der 5-ALLA-Synthase bewirken [3, 31].

STAND DER TECHNIK UND PROBLEMSTELLUNG

Die flichendeckende Verfiigbarkeit eines einfach durchfihrbaren, schnellen und giinstigen
Schnelltests fir PBG und Porphyrine in Urin ist entscheidend fiir die Diagnose von akuter
Porphyrie, stellt die klinische Chemie jedoch vor groBe Herausforderungen [31]. Bei der
Erstdiagnose mussen aus sehr vielen potentiellen Porphyrie-Patienten mit Bauchschmerzen die
wenigen mit tatsidchlich vorliegender akuter Porphyrie herausgefiltert werden. Es wird also ein sehr
spezifischer Test bendtigt. Die Kombination aus PBG- und Porphyrinbestimmung im Urin bietet
diese Spezifitit, Routinen fir die beiden Substanzen sind aber nicht auf den groen
Laboranalysegeriten implementiert. Kommerzielle Tests fir PBG, die fiir akute Porphyrie
spezifische Substanz, sind zwar verfiigbar, basieren allerdings auf einem Verfahren nach Mauzerall
und Granick [24], das sowohl zeit- als auch ressourcenaufwindig ist und zudem nur von
erfahrenem Laborpersonal durchgefiihrt werden sollte [43]. Damit ist der Test fiir ein Notfalllabor
und als Schnelltest ungeeignet. Aktuelle Fortschritte wie die schnelle Bestimmung von 5-
Aminoldvulinsdure, PBG und Porphyrinen mittels Hochleistungsflissigchromatographie [44] sind
kostenintensiv. und in vielen Krankenhiusern fehlt es sowohl an Zeit, Expertise als auch
Ausriistung fur die Durchfithrung chromatographischer Nachweisverfahren. Ein chemisches
Testkit, welches semi-quantitativ PBG mittels eines Farbumschlags in Urin bestimmen konnte, war
der bisher geeignetste Schnelltest [43]. Dieser wurde 2014 vom Markt genommen, wodurch von
diesem Zeitpunkt an Krankenhiuser auf externe Labors angewiesen sind. Diese bendtigen
allerdings 4 bis 10 Tage, bis ein Messergebnis vorliegt [31]. Es besteht also eine hohe Nachfrage
nach robusten, einfach anzuwendenden und gleichzeitig preiswerten Tests, um Porphyrine und
PBG in Urin zu quantifizieren. Hierbei gilt es mehrere Herausforderungen zu tiberwinden:

1. Urin ist in seiner Zusammensetzung sowohl im Tagesverlauf als auch zwischen
unterschiedlichen Personen héchst variabel [28]. AuBlerdem sind pH-Werte zwischen pH
45 und pH 9 moglich [45]. Dies fihrt zu einem variablen Fluoreszenz- und
Absorptionsuntergrund, der die direkte Quantifizierung von Substanzen aus dem Spektrum
stort.

2. Nicht alle relevanten Stoffe sind optisch direkt nachweisbar. In der Himsynthese treten als
Vorstufen von Protoporphyrin IX nur nicht absorbierende oder fluoreszierende
Porphyrinogene auf, die bei einem Anfall akuter Porphyrie aus den Mitochondrien und den
Zellen in das Blutplasma und spiter den Urin abgegeben werden. Diese sind diagnostisch
relevant, jedoch nicht optisch aktiv. Somit muss die Probe oxidiert werden, um alle
Porphyrinogene in Porphyrine umzuwandeln und dadurch den
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fluoreszenzspektroskopischen Nachweis zu ermoglichen. Dieser Schritt ist unumganglich,
da in frischen Urinproben akuter Porphyrie-Patienten im Mittel 77% der diagnostisch
relevanten Tetrapyrrole als Porphyrinogene vorliegen und nur 23% als Porphyrine [46].
PBG, die zweite diagnostisch relevante Substanz, besitzt weder UV /VIS Absorption noch
Fluoreszenzemission, und kann daher optisch nicht direkt nachgewiesen werden. PBG
muss folglich erst in einer kontrollierten, reproduzierbaren und konzentrationsabhingigen
Reaktion in eine optisch nachweisbare Substanz umgewandelt werden. Obwohl die
Umwandlung durch Heizen oder eine enzymatische Reaktion in vitro bereits lange bekannt
ist [23, 25], gibt es bisher keine Ansitze, diese Umwandlung zur Quantifizierung von PBG
zu verwenden.

Der Test muss bei hoher Spezifitit einfach anzuwenden, schnell und kostenglinstig sein,
um eine tatsichliche Anwendung in der Klinik zu erméglichen. Das bedeutet eine geringe
Anzahl an Arbeitsschritten mit gebriuchlichen, ungefihrlichen Chemikalien und eine
Kombination aus Hardware und Software, welche die Messung und Auswertung
weitgehend automatisiert.

QUANTITATIVER NACHWEIS VON PORPHYRINEN UND
PORPHOBILINOGEN IN URIN

Fur das erste der beiden Manuskripte dieser Dissertation [1] wurde ein Messaufbau entwickelt,

welcher simultan das Temperieren einer Probe auf eine voreingestellte Temperatur als auch die

gleichzeitige Messung von Absorptions- und Fluoreszenzspektren ermoglicht. AuBerdem wurde

eine Steuersoftware in der Programmiersprache LabVIEW erstellt, um sowohl einfache Messungen

als auch aufwindigere Abfolgen aus Heizen, Messung von Absorptions- und Fluoreszenzspektren

und die Auswertung der Spektren tiber den Zeitverlauf zu implementieren. Mithilfe dieses Gerits

konnten drei neue Methoden entwickelt werden:

1.

Die Foto-Oxidation von Porphyrinogenen zu Porphyrinen, welche mit zwei etablierten
chemischen Methoden verglichen wurde, erlaubt innerhalb einer Minute die Oxidation von
fast 70% der vorhandenen Porphyrinogene, was je nach Konzentration eine
Beschleunigung um einen Faktor 10 bis 30 im Vergleich zu den chemischen
Oxidationsverfahren darstellt.

Eine Quantifizierungsmethode fiir die Porphyrinkonzentration in Urin, basierend auf dem
spektralen Fit an der zweiten Ableitung des Residualspektrums. Da die erste und zweite
Methode an der gleichen Urinprobe stattfinden miissen, wurde darauf geachtet, ein
Probenvorbereitungsprotokoll zu entwickeln, durch welches sowohl die Oxidation als auch
die Quantifizierung der Porphyrine optimiert und gleichzeitig Storeinflisse wie pH-
Schwankungen zwischen Patientenproben eliminiert werden. Der relative mittlere Fehler
und die relative mittlere Standardabweichung liegen beide unter 15% fir den
physiologischen Konzentrationsbereich tiber 200 nmol/L.

Die Umwandlung von PBG in Porphobilin und Uroporphyrin durch Heizen wurde
quantitativ fluoreszenz- und absorptionsspektroskopisch nachvollzogen und der Nachweis
von Porphobilin als geeigneter, indirekter Marker fir PBG vorgeschlagen.

Fiar die Entwicklung der zweiten und dritten Methode wurde in mehreren Messreihen Urin

gesunder Spender mit Porphyrinen oder Porphobilinogen versetzt. Fir die Probensammlung von

treiwilligen Spendern wurde die Erlaubnis der Ethikkomission der medizinischen Fakultit der
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Universitat Minchen eingeholt (Aktenzeichen 679-15). Vorgaben zur Probenanzahl und Wahl der
Konzentrationen der Richtlinie zur Evaluierung von bio-analytischen Methoden der ,,European
Medicines Agency* [47] wurden dabei beachtet. Die Konzentration der Porphyrin- und
Porphobilinogen-Stammldsungen, die fir die Erzeugung von Proben verwendet wurde, wurden
im Institut fir Laboratoriumsmedizin des Klinikums der Universitit Miinchen in GroBhadern mit
der jeweiligen Referenzmethode bestimmt und das entwickelte Gerit darauf kalibriert.

Der Anteil von Alexander Lang an dieser Studie war die Entwicklung des Gerits und der
Steuerungssoftware mit Unterstiitzung der Koautoren, die Entwicklung und Anleitung von
Verbesserungen des Gerits, die Durchfilhrung und Anleitung von Messungen, die
Entwicklung und Optimierung des mathematischen, spektralen Niherungs-Algorithmus,
die Auswertung der Messungen und der Vergleich zu Referenzmessungen, die
Entwicklung des vorgeschlagenen Messdurchfithrungsprotokolls und das Verfassen des
Manuskripts mit Korrekturen und Anregungen der Koautoren.

In Zukunft soll auf Basis der bisherigen Ergebnisse das bestehende Gerit weiter verbessert werden.
Dazu gehoren die Verwendung eines neuen Spektrometers mit hoherer Auflésung, die
Entwicklung eines neuen Probenhalters und die Optimierung der Anregungsgeometrie und der
Detektionseffizienz, unter anderem auch durch Simulationen des Strahlengangs. Dieses Gerit soll
dann in einer klinischen Studie an Patienten mit akuten Bauchschmerzen in der Notaufnahme
eingesetzt werden, um die Methode an Patientenproben zu evaluieren. Die Konzentration an
Porphyrinen und Porphobilinogen der untersuchten Proben sollen zudem in einem Referenzlabor
tir jede Probe mitbestimmt werden.
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KLINISCHE BEDEUTUNG DER QUANTIFIZIERUNG VON FREIEM
HAMOGLOBIN

Freies Himoglobin (fHb) entsteht, wenn Erythrozyten beschidigt werden oder platzen, und
Himoglobin frei im Blutplasma treibt. Grund dafiir kann eine genetisch bedingte Stérung in der
Erythropoese (zum Beispiel Sichelzellanimie), Sepsis, bestimmte Toxine, Malaria oder
mechanischer kiinstlichen durch
Blutzirkulationssysteme sein [48-50]. Durch kérpereigene Schutzmechanismen wird fHb gebunden
und der Leber zugefithrt [14]. Sind diese Mechanismen durch schwere Himolyse erschopft,

Stress  an Herzklappen — oder extrakorporale

entsteht eine Himoglobinamie, bei der sich fHb im Blutplasma anreichert. Das oxidativ wirkende
Him im Korper férdert die Umwandlung von Lipoproteinen zu zytotoxischen Stoffen und
verstirkt das Abtéten von Endothelzellen durch Leukozyten und andere oxidierende Stoffe [51],
wodurch bleibenden Schiden am Gefid3system entstehen kénnen [14, 51].

Die Diagnose von Himoglobinimie und damit Himolyse ist klinisch von gro3er Bedeutung. So
zeigen aktuelle Studien, dass die Konzentration von fHb ein prognostischer Faktor fiir das
Ubetleben bei Patienten mit schwerer Sepsis darstellen kénnte. Zudem sind andere diagnostische
Marker wie erhéhte Transaminasen, Bilirubin, Lactatdehydrogenase (LDH) und Kalium sowie
reduziertes Haptoglobin nicht spezifisch fiir Himolyse [52]. Weiterhin spielt die Bestimmung von
fHb eine entscheidende Rolle, um das Alter und die Qualitdt von Blutproben vor der Transfusion
zu bestimmen [53] oder um Patienten mit kinstlichen Herzklappen [54-56] oder extrakorporalen
Blutzirkulationssystemen routinemafig auf Hamolyse zu untersuchen [57, 58].

STAND DER TECHNIK UND PROBLEMSTELLUNG

Fir die Quantifizierung von fHb in Blutplasma gibt es zwei unterschiedliche methodische Ansitze.
Zum einen biochemische Methoden, basierend auf einer Peroxidasen-dhnlichen Reaktion mit
Benzidin- oder Benzidinderivaten [59, 60], der modifizierten Drabkin-Reaktion [61] oder Immun-
Nephelometrie [62], und zum anderen optisch-spektrale Methoden, die das Signal am
Absorptionsmaximum von fHb verwenden und durch lineare Interpolation zwischen zwei oder
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Abbildung 4: Darstellung der Methode nach Harboe an zwei 1 zu 11 verdiinnten Blutplasmaproben mit erh6htem fHb
(links) und mit erthéhtem fHb und Bilirubin (rechts), wo durch lineare Interpolation zwischen 380 nm und 450 nm
eine Untergrundkorrektur fiir die Amplitude bei 415 nm durchgefiihrt wird (rote Linie). Diese schligt fiir Proben mit
erhohtem Bilirubin (rechts) insofern fehl, als eine zu hohe Amplitude fiir die fHb Absorbanz angenommen wird.



mehr Punkten den variablen Probenuntergrund annahern, um diesen Untergrund dann abzuziehen
[63-606]. Die spektrale Quantifizierung von fHb ist in der klinischen Routine weit verbreitet. So
verwenden 85 von 120 Teilnehmern eines deutschen Ringversuchs zur fHb-Bestimmung
spektralen Methoden [67], von denen die bekanntesten jeweils nach Harboe [63], Noe [66],
Fairbanks [65] und Kahn [64] benannt sind. Bei den ersten drei Methoden (Harboe, Noe,
Fairbanks) findet die lineare Untergrundkorrektur um das Soret-Band-Maximum von Hidmoglobin
bei 415 nm statt, bei der Methode nach Kahn um das zweite Maximum der Q-Banden bei 578 nm.
Eine dieser Methoden ist in den klinischen Laboren hiufig in einer Microsoft Excel-Tabelle mittels
einer einfachen Formel implementiert und einfach durchzufithren, was ein Grund fiir die weite
Verbreitung der spektralen Methoden ist. Bei Methoden, welche das Himoglobinmaximum bei
415 nm verwenden, tiberlappt das Spektrum von Bilirubin mit diesem, wodurch die Methode bei
Vorliegen einer Hyperbilirubinimie, welche oftmals mit Hidmoglobinimie koinzidiert, falsch
erhéhte Werte anzeigt [63]. Das Prinzip der Korrektur nach Harboe ist in Abbildung 4 gezeigt, wo
erkennbar ist, dass die lineare Interpolation zwischen 380 nm und 450 nm fir ikterische Proben
nicht den tatsichlichen Verlauf des Probenuntergrunds modelliert. Dies gilt ebenfalls fiir die
anderen beiden Methoden |2, 65, 66], die das Maximum bei 415 nm verwenden, obwohl eine der
beiden sogar angibt, Bilirubin zu beriicksichtigen [65]. In Fillen mit Bilirubin in der Probe wird die
Methode nach Kahn verwendet, da Bilirubin bei 578 nm keine Absorption zeigt (siche Abbildung
4, rechts). Die Methode nach Kahn wird jedoch an unverdiinnten Proben durchgefiihrt, was sie
anfillig fur Tribungen im Blutplasma macht (zum Beispiel durch Triglyceride). Zudem zeigt die
Bestimmung von fHb mit der Methode nach Kahn schon im Originalmanuskript [64] und auch in
der Routinebestimmung im Labor eine systematische Unterschatzung der tatsichlich vorhandenen
fHb Konzentration gegentiber der Referenzmethode mit Benzidin [2]. Es besteht also der Bedarf
nach einer verlisslichen, von Bilirubin unbeeinflussten Quantifizierungsmethode, die in der
Anwendung nicht komplizierter ist als die Multiwellenlingen-Methoden, die als einfache Formel in
Excel implementiert sind. Da bei der Methode nach Harboe je nach Probe eine unterschiedliche
Verdiinnung verwendet werden muss [68], sind weitere Herausforderungen an eine neue Methode
eine Vereinfachung der Probenvorbereitung und eine direkte Korrektur des Ergebnisses je nach
Verdinnung der Probe.

SIMULTANE QUANTIFIZIERUNG VON FREIEM HAMOGLOBIN UND
BILIRUBIN IN BLUTPLASMA

Zur Entwicklung einer neuen Quantifizierungsmethode wurde ein Messprotokoll nach den
Vorgaben der ,,European Medicines Agency* fiir die bioanalytische Methodenevaluierung erstellt
[47], in welchem Kalibratorproben, Proben mit ethdhtem fHb und Proben mit erhéhtem fHb und
gleichzeitig erh6htem Bilirubin vermessen wurden und diese gegen die Methoden von Harboe,
Fairbanks und Noe verglichen wurden. Diese Probensets umfassten 492 Einzelproben, anhand
welcher der mathematische Niherungs-Algorithmus an der zweiten Ableitung sowohl fiir Spektren
normaler, himolytischer als auch ikterischer und hidmolytischer Proben optimiert wurde. Der
relative mittlere Fehler und die relative mittlere Standardabweichung betragen dabei fiir nicht
ikterische Proben weniger als 3% und fiir ikterische Proben je nach Konzentration zwischen 20%
und 1,9%. Die anderen Methoden uberschitzen die Konzentrationen von fHb in ikterischen
Proben jedoch teils um einen Faktor 8-9, was die deutliche Uberlegenheit der hier vorgestellten
Methode fiir ikterische Proben demonstriert. Da die Quantifizierung von fHb mittels der
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Minimierung der zweiten Ableitung den spektralen Anteil von Himoglobin berechnet, kann das
urspringliche Spektrum um diesen Anteil korrigiert werden. Das verbleibende Spektrum kann
danach direkt am Absorptionsmaximum von Bilirubin ausgewertet werden, wodurch zusitzlich der
Anteil von Bilirubin in der Probe quantifiziert werden kann. Zusitzlich wurde der Einfluss von
Methimoglobin und Methimalbumin auf die neu entwickelte Methode untersucht, da freies
Himoglobin im Korper nach wenigen Stunden zu Methimoglobin und Methimalbumin
umgeformt wird, welche beide ein verschobenes Absorptionsspektrum aufweisen. Es wurde ein
linearer Zusammenhang mit der Konzentration von freiem zweiwertigen Himoglobin und dem
Fit-Ergebnis festgestellt, wodurch belegt wurde, dass die Auswerteroutine oxidierte Him-Protein
Komplexe bei der Quantifizierung vernachlissigt.

Die resultierende Methode wurde ,,HEBI-Fit“ (HEmoglobin - Bllirubin-Fit) genannt und in
Microsoft Excel in ein Makro implementiert, wodurch jeder potentielle Anwender ein gemessenes
Spektrum seiner Proben in Excel einfiigen, den Verdiinnungsfaktor der Probe eingeben und mit
dem Betitigen einer Schaltfliche nicht nur die Auswertung mit dem entwickelten Fit erhalt,
sondern zusitzlich die Ergebnisse entsprechend den Auswerteverfahren nach Harboe und Kahn.
Das Makro wurde der Publikation als ,,Supplementary File* angehingt, um die Methode einem
moglichst breiten Publikum bereitzustellen.

Der Anteil von Alexander Lang an dieser Studie war zu 50% die Planung der Probenzahl
und des Messablaufs, zudem die Entwicklung und Optimierung des mathematischen
Auswerte-Algorithmus fiir sowohl fHb als auch Bilirubin, die Auswertung aller Messungen
und der Vergleich zu Referenzmessmethoden, die Korrektur des entwickelten HEBI-Fit
Microsoft Excel Makros, sowie zu 50% das Verfassen des Manuskripts mit Korrekturen
und Anregungen der Koautoren.
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Abstract. Autosomal-dominant acute porphyria, a group of rare diseases, can lead to life-threatening neuro-
visceral attacks. No efficient screening test is available today. Elevated urinary porphobilinogen in addition to
elevated porphyrins is highly specific for an attack of acute porphyria. This study proposes and evaluates
a custom-made device, algorithm, and methods for a two-step quantification of urinary porphyrins and porpho-
bilinogen. The first step is oxidation of the nonfluorescent porphyrinogens and subsequent fluorescence-
spectroscopic determination of total urinary porphyrins (TUP) using second derivative spectral fitting. Photo-oxi-
dation is compared with chemical oxidation methods. The second step is the quantification of porphobilinogen in
case of elevated TUP. Heat-induced conversion products of porphobilinogen, namely uroporphyrin and porpho-
bilin, are quantified by fluorescence and absorption spectroscopy. Results show that the preferred method com-
bination is TUP quantification (lower limit of quantification: 0.2 umol/L) after photo-oxidation with subsequent
absorption-spectroscopic determination of porphobilin after heating for indirect quantification of porphobilinogen
(quantification range: 0 to 20 mg/L). Urinary porphobilinogen and porphyrins of one acute porphyria patient were
quantified with <10% deviation from an external reference determination. The spectrophotometric approach
requires only minimal sample processing and yields a result within 15 min, thus closing the screening gap
for acute porphyria. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:

Keywords: acute porphyria; fluorescence; absorption; spectroscopy; porphyrins; porphobilinogen; urine.
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1 Background

Porphyrias are a group of rare, mainly genetic metabolic disor-
ders of the heme biosynthesis pathwaly,u each caused by the
malfunction of one of the eight enzymatic steps in the formation
of heme and each causing a specific accumulation pattern of
heme precursors in blood, urine, and stool. ]l The diseases can
be broadly classified as either acute or chronic porphyria.u’ﬂ’H
This work focuses on the autosomal dominant, acute porphyrias

attack, sometimes by more than a factor of 50 compared to
healthy individuals (from <2 mg/L to over 110 mg/L) 0
Detection of substantially elevated PBG in urine is a highly spe-
cific indicator for acute porphyria and therefore provides the
required specificity for a rare disease. Automated tests for PBG
on clinical chemistry analyzers are not available. Commercial
tests, often based on Mauzerall and Granick,ID are labor inten-
sive and require substantial practical expertise.d This is not suit-

group, namely acute intermittent porphyria, hereditary copro-
porphyria, and variegate porphyria, which constitute the most
common acute porphyrias with a combined prevalence of
~1 in 10,000 people.ﬂ’ﬂ Unlike chronic porphyrias, the acute
porphyrias pose the risk of life-threatening neurovisceral attacks
that typically begin with neuropathic abdominal pain but, if
untreated, may later progress to mental disturbances including
seizures, quadriplegia, and respiratory paralysis leading to
death B

The universal recommendation for the diagnosis of an acute
attack of porphyria is rapid screening for urinary porphobilino-
gen (PBG).M’M’E Urinary PBG is strongly elevated during an

*Address of correspondence to: Herbert Stepp, E-mail:
Lni-muencher].dg

TThis paper is part of the inaugural thesis of Alexander Lang to be submitted at
the Medical Faculty of the LMU Munich, Germany
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able for a simple screening setting in the emergency room or in a
24 /7 short turn-around time clinical laboratory.ID Another, more
suitable commercial screening test (Thermo Fisher Scientific
Porphobilinogen “Trace” kit), which provided a semiquanti-
tative result (discriminability of PBG concentrations of
<6 mg/L, 6 to 12 mg/L, 12 to 23 mg/L, or higher)B was
withdrawn from the market in 2014. Currently, tests for PBG
at external laboratories require turnaround times of 4 to 10
days.u This leaves most hospitals without a simple, specific,
and rapid screening tool for acute porphyria in patients with neu-
ropathic abdominal pain. The lack of widespread screening tools
and the ambiguity of the symptoms of acute porphyria lead to
a remarkable average delay of diagnosis of 15 years from the
onset of the first symptoms. 3 This delay often results in costly
misdirected medical care and progression of the disease.l

1083-3668/2018/$25.00 © 2018 SPIE
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Fig.1 (a) Structural formula of uroporphyrinogen lll, (b) which is oxidized to uroporphyrin Ill. By losing six
hydrogen atoms a conjugated system with delocalized pielectrons is formed, giving rise to strong UV/VIS
absorption and fluorescence properties of the porphyrin as shown in (c) for absorption of uroporphyrin,
coproporphyrin, and porphobilin as well as in (d) for fluorescence of uroporphyrin and coproporphyrin.
For both graphs porphyrin spectra are shown for neutral (black) and acidic (red) environment.

Urine of patients suffering from an acute attack of porphyria
contains elevated levels of porphyrins, porphyrinogens (the non-
fluorescent, unoxidized form of porphyrins, Fig. [l), and peG.O
Porphyrinogens and porphyrins can also be elevated in urine
from patients with liver disease or some other disorders (por-
phyrinuria), but porphyria can be excluded, if normal levels
of porphyrinogens and porphyrins are found in the urine® As
the amount of porphyrinogens which had already auto-oxidized
to porphyrins may vary greatly between patients, prior oxidation
of porphyrinogens to porphyrins is required to quantitatively
assess total urinary porphyrins (TUP), be it due to porphyria
or porphyrinuria. We propose a two-step approach to (1) dis-
criminate patients with elevated TUP from patients with normal
TUP, and (2) quantify PBG in the group with elevated TUP.
This two-step approach can be assumed to offer a very high
specificity and to reduce measurement time in those with normal
TUP.

For determination of TUP in the first step, the nonfluorescent
porphyrinogens have to be oxidized to avoid underestimation of
TUP, since porphyrinogens constitute on average 77% of TUP
in fresh urine samples of acute porphyria patients.E In this
study, we compare different oxidation procedures quantitatively.
For spectroscopic PBG quantification in the second step, we
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propose the conversion of PBG to uroporphyrin and porphobilin
by heating as reported in the 1950s 3 since PBG shows no
pronounced UV/VIS absorption or fluorescence emission,H
and other tests based on Ehrlich reaction (Watson—Schwartz,
Hoesch) are prone to interference. 3 We compare the subsequent
detection of one of those heating products by fluorescence and
absorption spectroscopy to discriminate PBG concentrations of
0, 5, 10, and 20 mg/L or higher, allowing the identification of
patients with an attack of acute porphyria.

2 Material and Methods
21 Urine Samples

Spot urine of nine healthy volunteers (50 to 100 ml) was
collected, anonymized, and stabilized with one part of TRIS
acetate buffer with ethylenediaminetetraacetic acid (EDTA)
(Rotiphorese® 10x TAE Buffer, Carl Roth, Karlsruhe,
Germany) on nine parts of urine. The individual samples were
pooled, aliquoted in 2 ml portions, and frozen at —20°C. Ethics
approval was granted for the collection from volunteers by the
Institutional Ethical Board of the Medical Faculty, Ludwig-
Maximilians-University of Munich, Germany (study identifier:
679-15).
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Left over urine of one acute intermittent porphyria patient
was collected from the clinical laboratory after anonymization.
TUP and PBG were determined using reference methods
from the clinical routine. (ClinEasy® Complete Kit for Total
Porphyrins in Urine, RECIPE Chemicals + Instruments GmbH,
Munich, Germany, with 70% recovery and 7.2% interassay
imprecision and ALA/PBG by Column Test #187-1002,
Bio-Rad Laboratories, Hermes, California, with 2.6% interassay
imprecision.)

2.2 Reagents

Porphyrins (Uroporphyrin I dihydrochloride and Coproporphyrin
I dihydrochloride, Merck, Darmstadt, Germany) were dissolved
in phosphate-buffered saline (PBS Dulbecco w/o Ca’*Mg>*,
BioChrom, Berlin, Germany) to generate stock solutions
which were quantified by absorption spectroscopy (Lambda-
40, Perkin Elmer PE, Waltham, Massachusetts) using extinction
coefficients [5.4 X 10° L/molecm for uroporphyrin in 0.5-M
hydrochloric acid (HC1) and 4.9 x 10° L/mol cm for copropor-
phyrin in 0.1-M HCI] taken from the literature/ 8 resulting in
concentrations of 50.4 and 72.1 ymol/L of uroporphyrin and
coproporphyrin, respectively. A PBG (Merck, Darmstadt,
Germany) stock solution with a concentration of 400.0 mg/L
was prepared by weighing (MC1 RC 210P-OD1, Sartorius,
Gottingen, Germany) and dissolving PBG in distilled water.
Hydroxymethylbilane synthase protein (HMBS, His-tag pro-
tein, antibodies-online, Aachen, Germany) for generation of
porphyrinogens from PBG was stored at —20°C.

2.3 Instrumentation

The laboratory prototype used for this investigation is shown in
Fig. E@@. Core component is an aluminum sample holder
with an opening for a cylindrical, disposable 200 ul sample
glass cuvette (flat bottom insert 548-0780, VWR, Darmstadt,
Germany). A band heater (65 W, Acim Jouanin, Evreux,
France), controlled with a relay switch (part number 194883,
Conrad Electronic, Hirschau, Germany), allows heating of
a sample to preset temperatures (37.5°<7T <93°C). All

(@)

Glass cuvette

Heated sample holder

- fibers
Band ey / /
heater\ 7 T

Filter
White Heating Laser
light LED relay diode
I I T
I
Micro controller & power |_| Spesto-
meter
supply

Tablet computer J

parameters of the device can be set via a LabVIEW interface
(LabVIEW 2015, National Instruments, Austin, Texas) from
a tablet computer. In Fig. B(B], the optical geometry for fluores-
cence and transmission measurements is shown. For transmis-
sion measurements, light of an LED (425 to 700 nm, APG2C3-
NW, Roithner Lasertechnik, Vienna, Austria) is guided by an
optical fiber (NA = 0.22, core diameter 105 um, type: M15L,
Thorlabs, Newton, New Jersey) to the sample holder, collected
after transmission by a detection fiber (NA = 0.39, core diam-
eter 200 pm, type: FT200UMT, Thorlabs, Newton, New Jersey),
and guided to the spectrometer (S2000, Ocean Optics, Dunedin,
Florida). For fluorescence emission measurements, light of
a laser diode (402 nm, 2 nm FHWM, 2.6 mW, SLD3134VR-
31, Laser Components, Olching, Germany) is guided by an opti-
cal fiber (NA =0.39, core diameter 200 ym, FT200UMT,
Thorlabs, Newton, New Jersey) to the sample, and the fluores-
cence emission is collected in front-face geometry by an adja-
cent detection fiber [Fig. E(B]]. Excitation light is filtered out
before the spectrometer with a long-pass filter unit (435 nm
INLINE-FH, Ocean Optics, Largo, Florida) integrated between
two fiber pieces. All flat-top polished fiber ends were in
contact with the cuvette. The excitation and detection fiber
were positioned on top of each other, which minimizes the effect
of the curvature of the cuvette on the detection efficiency.
For the photo-oxidation of porphyrinogens, a light source
(401 +30 nm, D-Light 20133220 with short-pass filter at
435 nm, Karl Storz, Tuttlingen, Germany) was used to illumi-
nate the sample from the top by placing a fluid light guide
(5 mm diameter) in contact with the top surface of the cuvette.
The irradiance over the whole cuvette cross section at the height
where the detection fiber connects to the glass cuvette was
45.5 mW /cm?. Fluorescence spectra were normalized to the
fluorescence of a rhodamine standard (1BF/RB Rhodamine,
Starna Cells Inc., Atascardo, California) which was incorporated
into one of the glass cuvettes whereas transmission spectra were
normalized to the transmission of the LED through a water-
filled cuvette. The laser diode power and calibration curves
were stable over a period of several months during which all
measurements were performed. The relative standard deviation

Sample holder

A Fiber connector

i Spectrometer fiber
e

Laser diode fiber

Excitation volume

Fig. 2 (a) Schematic overview of the device for absorption and fluorescence-spectroscopic measure-
ments on heated urine samples and the geometry of the sample holder, (b) detail of the excitation
and detection of fluorescence light from the same side (180-deg geometry) using optical fibers with

200-um core diameter and a gap of ~50 um.
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of the fluorescence standard signal was 10.9%. A blank spec-
trum and a fluorescence standard spectrum were recorded for
normalization once per measurement day.

2.4 Comparison of Methods for Porphyrinogen
Oxidation

Uroporphyrinogens were generated from PBG by the use of
HMBS enzyme. A TAE-buffered urine sample was spiked to
a concentration of 40 mg/L PBG and 12 mg/L. HMBS, and
incubated at 37.5°C for 1 h which resulted in an average con-
centration of porphyrinogens of ~25 umol/L (quantified after
complete oxidation). The sample containing porphyrinogens
was then rapidly split into 12 subsamples of four varying con-
centrations for each of the three oxidation methods. At least 88%
of porphyrins were present as porphyrinogens before oxidation,
as derived from fluorescence measurements after incubation
compared to the fluorescence after use of iodine. It was verified
that each of the oxidation procedures stops the enzymatic reac-
tion by performing each procedure immediately after spiking
with the enzyme. In this case, subsequent incubation did not
result in a detectable increase of porphyrins.

Oxidation with iodine was reported to oxidize 100% of uri-
nary porphyrinogens after 1 hH It was compared to oxidation
with H,O,= and a new approach using photo-oxidation with
controlled illumination in terms of speed, concentration depend-
ence, and completeness of the oxidation.

For the oxidation with iodine, one part of urine was mixed
with 0.9 parts of 1M HCl and 0.1 part of 12 g/L iodine in etha-
nol, and fluorescence of porphyrins was measured after waiting
1 h at room temperature. For the oxidation with H,O,, one part
of urine was mixed with four parts of 1.25M HCI and 0.04 parts
H,0, 30%. No waiting time is reported in the literature Bl
Fluorescence spectra were recorded every 10 min over 1 h
for both chemical oxidation procedures. For the controlled
photo-oxidation, one part of urine was mixed with one part
of 1M HCI and illuminated. Fluorescence spectra were recorded
after 10, 20, 30, 60, 120, 180, and 240 s illumination time,
which equals a radiant exposure of 0.46, 0.91, 1.37, 2.73,
4.10, and 5.46 J/cm?.

In addition, blank TAE-buffered urine was subjected to the
three methods and blank spectra were recorded. The blank spec-
tra were subtracted from the fluorescence spectra acquired
from the three procedures to account for possibly unoxidized
porphyrinogens in the pooled urine and the resulting spectra
were normalized to the rhodamine fluorescence standard. The
mean peak fluorescence intensities at (595 +2) nm derived
from the different oxidation methods were compared to each
other for each of the four concentrations, using iodine oxidation
as reference. The generation of porphyrinogens and subsequent
oxidation and measurement was repeated independently nine
times.

The fluorescence intensities were calibrated for the different
oxidation methods, due to different dilutions and the use of
iodine and H,0,. Calibration factors were derived by perform-
ing the oxidation procedures on buffered neutral urine samples
which were spiked with uroporphyrin. The concentrations were
chosen to yield fluorescence intensities comparable to the
samples with uroporphyrin generated from PBG by HMBS.
The mean calibration factors are 2.7, 5.4, and 2.4 for iodine,
H,0,, and photo-oxidation, respectively. Most of the factor
can be derived from the dilution (factor 2 for iodine and
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photo-oxidation, factor 5 for H,0,) and higher absorption of
excitation and fluorescence light (for iodine).

2.5 Generation of Calibration and Validation Sets
for Total Urinary Porphyrin Quantification

The evaluation of porphyrin quantification was performed on
two sample sets, one for the calibration and one for the valida-
tion of the method according to the guideline of bioanalytical
method validation of the European Medicines Agency (EMA
guideline).m

2.5.1 Calibration set

Three sample-sets each consisting of eight concentrations of
porphyrins (0.1, 0.5, 1, 2, 5, 10, 17.5, and 25 umol/L) were
created. Each sample was prepared in the same way as for
the photo-oxidation: one part of TAE-buffered urine, spiked
with the desired porphyrin concentration and one part of 1M
HCI. Each of the three sample sets had a different molar
ratio of uroporphyrin I to coproporphyrin I, with 25% to 75%,
50% to 50%, and 75% to 25% of total porphyrins, respectively.
Each sample set was replicated four times independently from
new aliquots.

2.5.2 Validation set

The validation set consisted of three measurement series. Each
series contained 16 samples which were replicated five times
independently, resulting in 240 samples. The 16 samples are
generated by combining four concentrations of uroporphyrin
and coproporphyrin (0.03, 0.1, 5.5, and 9 ymol/L) in every pos-
sible combination, resulting in 16 combinations ranging from
0.06 to 18 umol/L of TUP. Samples with equal concentrations
of TUP were averaged for evaluation, resulting in eight concen-
trations of TUP (in umol/L: 0.06, 0.13, 0.2, 5.56 (5.53 and
5.6 averaged), 9.06 (9.03 and 9.1 averaged) 11, 14.5, and 18).

2.6 Second Derivative Fitting Algorithm and
Evaluation of the Validation Set

The second derivative fitting algorithm is designed to quantify
TUP from fluorescence spectra measured on acidic urine sam-
ples. The following description is also presented in a flowchart
in Fig. B(c]. After recording a fluorescence spectrum of a sam-
ple, a previously recorded dark spectrum is subtracted and the
intensity of the resulting spectrum is normalized to the rhod-
amine fluorescence standard at (575 & 2) nm. Afterward, the
amplitude of TUP fluorescence is quantified by the fit that min-
imizes the second derivative of the specimen spectrum after sub-
tracting two iteratively varied reference spectra of uroporphyrin
I and coproporphyrin 1.

During the fit procedure, normalized uroporphyrin and cop-
roporphyrin fluorescence emission spectra [see Fig. B(a], dashed
and dash dotted] are subtracted from the sample spectrum
[Fig. B(a), solid]. After subtraction [Fig. B(a], dotted], the second
derivative [Fig. B(B]] is computed by a Savitzky—Golay filter
with a window size of 41 nm and a third-order polynomial
approximation.Ei Window size and order of polynomial approxi-
mation were varied on the calibration set and employed on the
evaluation set until inaccuracy and imprecision were minimal.
The fit varies the amplitude of the reference spectra, until the
square of all points of the second derivative of the resulting
residual spectrum is minimized (least squares approach),
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Fig. 3 During the second derivative fitting procedure, two reference spectra of uroporphyrin (a, dashed)
and coproporphyrin (a, dash dotted) are subtracted from a normalized specimen spectrum (a, solid) and
the second derivative of the residuum (b, dotted) is calculated. The amplitude of the reference spectra is
iteratively varied by the fit until the second derivative of the residue after the fit is minimal. This allows an
accurate approximation of the fluorescence amplitude while being undisturbed by the variable urine
background fluorescence. A flowchart describing the steps that yield the result of the fit a (uroporphyrin
amplitude) and b (coproporphyrin amplitude) is shown in (c).
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change of the detection volume caused by the absorption of
the fluorophore at high concentrations. Thus, the intensities
derived from the validation set were evaluated by using linear

Reference concentration (pzmol/L)

Fig. 4 The calibration curves generated from samples with different

interpolation between the data points of the calibration set. All
measurements were corrected by the amount of porphyrins
present in the pooled urine of healthy specimens before spiking.
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molar ratios of uroporphyrin and coproporphyrin show a nonlinear cor-
relation between fluorescence intensity and concentration, albeit only
small differences are observable between different molar ratios.
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The second derivative fit was employed on all spectra gen-
erated from the validation set and the resulting fluorescence
intensities were quantified using one of the three calibration
curves. If the ratio of uroporphyrin to total porphyrin fluores-
cence in a given sample was determined by the fit to be
between 0.42 and 0.58, the 50% to 50% calibration curve
was used. In the other two cases, the respective calibration
curve calculated from samples with 75% to 25% molar ratio
or 25% to 75% molar ratio was used. The cut-offs were
determined by optimizing inaccuracy and imprecision of the
evaluation set.

2.7 Comparison of Methods for Indirect
Quantification of Porphobilinogen

Nonenzymatic conversion of PBG in a mild acidic, aqueous sol-
ution to uroporphyrin and porphobilin by heating at 80°C in
acidic environment (pH 5.2) was reported in the 19505000
Based on these reports we performed measurements at pH
5.2; however, in urine, with more samples (n =75) and a
wider range of concentrations of PBG to assess the feasibility
of a quantification method. TAE-buffered urine was spiked with
PBG to concentrations of O (blank), 5, 10, 15, and 20 mg/L and
acidified to pH 5.2 by addition of 4.8 uL of 1M HCl per 100 uL
of sample volume. Since we found that higher temperatures
accelerate the generation of heating products (data not shown),
the samples were heated to 93°C instead of 80°C. Samples were
replicated five times from fresh aliquots of PBG and urine, and
each measurement series was repeated three times. The first
measurement series was used as calibration set for evaluation
of the following two measurement series. Fluorescence and
transmission spectra were recorded every 30 s for 20 min during
heating. Since heating to 93°C takes about 1 min in our setup,
the first two spectra of each measurement were discarded, due to
the change of fluorescence and transmission induced by the
change in temperature. The third spectrum (after 1 min of heat-
ing) was subtracted from all other spectra as baseline to evaluate
only the spectral change of both fluorescence and absorption
(one-transmittance). The resulting fluorescence spectra were
evaluated at (615 & 5) nm for an increase in uroporphyrin fluo-
rescence (615 nm since the sample was still close to the neutral
pH, see Fig. [[) and the resulting transmittance spectra at (480 +
2) nm for an increase in porphobilin absorption. The calibration
curve for the maximum change in fluorescence was modeled by
linear interpolation between the points of the calibration set,
as the complex geometry of the excitation and detection geom-
etry which was already mentioned for the quantification of uri-
nary porphyrin fluorescence is additionally aggravated by an
unknown reaction kinetic of the formation of uroporphyrin
from PBG. The maximum change in absorption (one-transmit-
tance) was modeled by an exponential decrease of transmittance
derived from “Lambert Beer’s law” resulting in a function for
the calibration set

A(CPBG) —a- e<_b'CPBG)’ (1)
with fitting parameters a (baseline transmittance of sample) and

b (change of transmittance).
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2.8 Statistical Evaluation

Results were presented as

Mean result — reference

Inaccuracy =

. (@)

reference

.. Standard deviation
Imprecision =

3

reference

for the different concentration intervals, with their definition in
accordance with the EMA guideline for bioanalytical method
evaluation. B

3 Results

3.1 Comparison of Oxidation Methods

Urinary uroporphyrinogens were oxidized using established
chemical oxidation methods and photo-oxidation with con-
trolled illumination conditions. The fluorescence intensity at
(595 £ 2) nm of oxidized porphyrins was compared for each
of the methods for different concentrations of initial porphyri-
nogens and is shown in Figs. and B(B]), over the course of
60 min using iodine and H,0, (bottom scale) and over 4 min
illumination for photo-oxidation (green and top scale). For
chemical oxidation with iodine or H,0,, the intensity increases
during the course of 60 min, flattening toward the 60-min mark.
Using photo-oxidation, the fluorescence intensity reaches its
maximum with a steep rise after about 1 min and stays constant
thereafter for higher concentrations of porphyrins [Fig. B&]l,
whereas the intensity decreases after 1 min for lower porphyrin
concentrations [Fig. F(0]l. On average, H,0, oxidation yielded
86% of the fluorescence intensity retrieved from samples oxi-
dized with iodine after 60 min, whereas photo-oxidation yielded
between 64% and 83% after 1 min. Photobleaching during
1 min of illumination for photo-oxidation did not exceed 4%
over the whole concentration range, while during 4 min of illu-
mination, 13.1% to 14.8% of porphyrins were photobleached
(data not shown).

3.2 Quantification of Urinary Porphyrins with
Second Derivative Spectral Fitting

In Fig. [, three calibration curves for urinary uroporphyrin and
coproporphyrin quantification are shown for different molar
ratios. The fluorescence intensity of the validation sample
set was evaluated with the second derivative fit and quantified
using the respective calibration curve. The results are shown in
Figs. and p(b], and the inaccuracy and imprecision are
reported in Table [ Both inaccuracy and imprecision were
in the range acceptable according to the EMA guideline
with a maximum of 15% for concentrations of 0.2 ymol/L or
higher.

3.3 Indirect Spectrophotometric Quantification of
Porphobilinogen

In Fig. [}, the change of fluorescence intensity [Fig. [[(a]] and
absorption (one-transmittance) [Fig. [[(B]] is shown over the
course of more than 20 min of heating at (93 & 1.5)°C. A varia-
tion of the initial PBG concentration results in different ampli-
tudes for both fluorescence as well as absorption. While the
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Fig. 6 (a, b) The quantification result of the independent validation sample set shows overall good
recovery as described in Table [I] and high precision for concentrations of 0.2 umol/L or higher.

maximum absorption is reached after ~9 to 10 min before
decreasing, the fluorescence intensity reaches a stable level
after 15 min. For both processes, the correlation between either
maximal fluorescence or absorption and the concentration is
nonlinear, as shown in Fig. [[{c] It is apparent that the

Table 1

fluorescence intensity change for concentrations of PBG of
10 mg/L or higher increases much steeper with an increase
in initial PBG concentration than the change in absorption. A
linear interpolation between the data points of the calibration
set for the quantification of the change in fluorescence intensity

Inaccuracy and imprecision relative to the reference concentration for the quantification of TUP in the validation sample set. For con-

centrations of 0.2 umol/L or higher the limits of the EMA guideline are adhered (inaccuracy and imprecision within 15%; for the lower limit of
quantification within 20% inaccuracy and imprecision).

Concentration (zmol/L) 0.06 0.13 0.2 5.56 9.06 11 14.5 18
Inaccuracy (%) 22 23 -3.4 8.6 -14 -9.9 -10 -14
Imprecision (%) 42 59 10 13 14 5.8 8.2 5.3
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Fig. 7 The heating of PBG in urine induces the formation of uroporphyrin, detected using fluorescence
emission at 620 nm and porphobilin, detected using its absorption at 480 nm. The change of (a) fluores-
cence intensity and (b) absorption over the course of 20 min shows a clear dependence on the initial PBG
concentration. (c) The maximum change in fluorescence intensity after 20 min is shown against the initial
reference concentration of PBG (black) as well as (c) the maximum change in absorption after 10 min

(red).

and the derived calibration function [Eq. ([[)] for the change in
absorption were used for the quantification of PBG of the sam-
ples in the verification set. The resulting inaccuracy is <15% for
both methods. The quantification using the porphyrin fluores-
cence, as shown in Fig. [[{d] and Table [, has a high imprecision

Table 2 Comparison of inaccuracy and imprecision of the indirect
determination of PBG using either fluorescence of uroporphyrin or
transmittance of porphobilin.

Fluorescence of Transmittance of

uroporphyrin porphobilin
Concentration  |naccuracy Imprecision Inaccuracy Imprecision
(mg/L) (%) (%) (%) (%)
5 —-14 28 -8 17
10 -3 6 -15 7
15 -3 3 -13 11
20 -1 3 -9 15
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for the lowest concentration of PBG (5 mg/L), while absorption
measurements also allow for the quantification of the lowest
concentration with acceptable imprecision. The relative inaccur-
acies and imprecisions for all concentrations, except for blank
samples (0 mg/L), are given in Table [ Blank samples had a
mean change in fluorescence of 50 counts with a standard
deviation of 90 counts compared to a mean change of absorption
of 40 counts with a standard deviation of 10 counts after 10 min.
The parameters of the calibration function for the change of
absorption equaled a = 1.048 (0.9821, 1.115; 95% confidence
bounds) and 0.06916 [(mg/L)‘l; 0.05363, 0.08469; 95% con-
fidence bounds].

3.4 Proposed Method

Based on the results, a new method is proposed for rapid screen-
ing for acute porphyria. It consists of two quantification steps as
shown in Fig. f. Samples are stabilized by adding TAE buffer. In
the first quantification step, the sample is acidified and illumi-
nated with blue light for rapid oxidation of porphyrinogens.
Fluorescence spectra are recorded and the TUP concentration
is determined. If TUP is not elevated, an attack of acute
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Automated stepsperformed by device

Fig. 8 Overview of the proposed method. Urine from a patient with abdominal pain is stabilized and
mixed with 1M HCI. In a first step, porphyrin fluorescence of the sample is quantified before and
after photo-oxidation of porphyrinogens within 1 min. The maximum amount of porphyrins found is com-
pared to a threshold value. If porphyrins are not elevated, an acute attack of porphyria can be excluded.
Otherwise, a second sample is heated for 10 min and the change of absorption induced by generation of
porphobilin from PBG is quantified. If PBG is elevated, the patient is positively screened for an attack of
acute porphyria. The method requires only minimal sample preparation, while quantification and illumi-

nation procedures are automated.

porphyria can be excluded. Otherwise, a second sample is mixed
from the stabilized urine sample and HCI and heated for 10 min.
The measurements during the heating process are completely
automated, as well as the evaluation algorithm deriving the
initial PBG concentration from the change of absorption intro-
duced by the generation of porphobilin.

3.5 Evaluation of One Acute Intermittent Porphyria
Patient Sample

The reference laboratory methods were applied to one urine
sample of an acute intermittent porphyria patient, resulting in
a concentration of 1.21 ymol/L TUP and 13.1 mg/L PBG.
The sample was evaluated using the described methods.
None of the oxidation procedures resulted in an increase in
porphyrin fluorescence. The porphyrin quantification using
the second derivative fit resulted in a TUP concentration of
1.43 ymol/L. During heating the sample, the change in absorp-
tion of porphobilin was quantified and yielded a concentration
of 13.4 mg/L for PBG, whereas quantification of the change in
fluorescence intensity of uroporphyrin resulted in a concentra-
tion of 14.0 mg/L for PBG.

4 Discussion

A device and several procedures were developed, evaluated, and
compared to identify a simple and rapid test procedure to reli-
ably quantify urinary porphyrins after oxidation of porphyrino-
gens and PBG. The test is aimed at the emergency setting to
rapidly diagnose an attack of acute porphyria and allow for
instant treatment.

The results show that oxidation of porphyrinogens with
iodine is the most thorough oxidation method within the con-
centration range from 1 to 25 ymol/L. This is in accordance
with reports in the literature,m’E where 100% oxidation of
porphyrinogens by iodine is found and H,O, oxidation yielded
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lower results than the use of iodine. While another study reports
equal performance of iodine and H,O, oxidation, the methods
section lacks the details necessary for verifying the claim.B
Chemical oxidation yields only 50% of the fluorescence inten-
sity at 595 nm directly after the addition of chemicals (0-min
value) compared to the intensity after 60 min. Since the propor-
tion of auto-oxidized porphyrinogens may vary greatly from
patient to patient, a simple correction is not possible. For exam-
ple, 50% of TUP is neglected if no waiting time is adhered for
a case where no porphyrinogens have auto-oxidized, but in cases
where all porphyrinogens have auto-oxidized already 100% of
TUP are present at 0 min. In contrast, photo-oxidation allows
recording of oxidation kinetic already within 1 min, yielding
information about the auto-oxidation status. If no porphyrino-
gens have auto-oxidized 63% of TUP are generated within
60 s of illumination, in a case where all porphyrinogens have
auto-oxidized no fluorescence change is found, clearly indicat-
ing the lack of porphyrinogens. Since the porphyrin quantifica-
tion after oxidation results only in a binary decision based on
a threshold value, we deem controlled photo-oxidation as a suf-
ficient measure for the oxidation of porphyrinogens in urine.
After oxidation, the proposed method allows for quantification
of TUP in concentrations between 0.2 and 20 gmol/L. The fol-
lowing hurdles had to be overcome: first, urine as a matrix has
a variable pH and contains possibly interfering substances. The
addition of TAE buffer allows for a pH-stabilization of urine
samples in a range between pH 8.0 and 8.5 while EDTA
binds free divalent metal cations such as zinc?*, preventing
the formation of zinc-porphyrins in urine. The additional acidi-
fication with molar HCI optimizes the oxidation rate.d Second,
for samples of different individuals, urinary background fluores-
cence varies in intensity and spectral shape. The developed fit-
ting algorithm minimizes the second derivative of the residual
spectrum, effectively minimizing the influence of the broad and
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unspecific but variable urinary background fluorescence. Third,
the differences in fluorescence yield between equal molar
concentrations of uroporphyrin and coproporphyrin can be
minimized by choosing the optimal excitation wavelength
(~402 to 403 nm, see Fig. [l], intersection of acidic uroporphyrin
and coproporphyrin absorption spectra). An exact match would
allow for a single calibration curve as the uroporphyrin and cop-
roporphyrin intensity would be indistinguishable for equimolar
concentrations. With the device assembled for this study, the
fluorescence intensity of uroporphyrin and coproporphyrin
was still slightly different, requiring the use of calibration curves
with three different molar ratios. The use of only a single cal-
ibration curve with equimolar concentrations of uroporphyrin
and coproporphyrin led in our case to an average increase of
imprecision of 5%. Fourth, the 180 deg excitation and emission
detection geometry used in the device was found to be crucial
for the quantification of high porphyrin concentrations. The
standard 90 deg fluorescence detection geometry commonly
employed in commercial devices leads to a nonlinear correlation
between fluorescence emission and concentration that is not
bijective due to absorption of excitation light outside the spatial
detection range of the detection fiber. This leads to a decrease of
measured fluorescence intensity when a high concentration of
porphyrins is further increased. The 180 deg geometry avoids
this problem, since the detection volume is overlapping with
the excitation volume also for high concentrations but modeling
the correlation between fluorescence intensity and analyte
concentration is still complex. The linear interpolation used
in this study allowed for a reliable quantification of samples
containing porphyrin concentrations of 0.2 ymol/L or higher.
A more sophisticated model for the calibration such as a satu-
ration function [Eq. ()] can lower the imprecision and inaccur-
acy by 3% on average for higher concentrations but neglects the
behavior of the correlation at lower concentrations. Another
model using a bilinear approximation with an arctangent
intersection

F(Crup) = a * [arctan(b * Cryp)] + ¢ * Crup. )

was also evaluated, as the calibration curve appears to consist of
two linear functions which intersect at a concentration of
5 umol/L. This did not show an improvement of inaccuracy
which rose by 3.1% and only a slight decrease of imprecision
by 1.9%.

The previously discussed optimizations for the procedure
allow the quantification of TUP using fluorescence emission
spectroscopy. Other spectrophotometric methods utilize fluores-
cence excitation or synchronous spectroscopy.m’ﬂ’ Although
these methods may offer a higher analytical precision, they
require a more sophisticated optical setup with a tunable
light source, which is not available in most hospitals and the
range of concentrations quantified in these studies was much
smaller than in this paper. Quantifying higher concentrations
is possible by these methods but requires at least one further
dilution step.

The quantification of PBG is based on the detection of
heating products of PBG by fluorescence or absorption spectros-
copy. Using the change of absorption allows for a quantitative
discriminability of concentrations of PBG <20 mg/L in spiked
samples. The change of fluorescence intensity from uropor-
phyrin generated from PBG by heating yielded high imprecision
for concentrations of 5 mg/L PBG or less. The order of reaction
for both uroporphyrin and porphobilin generation is unknown.
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However, first and second order for the disappearance of PBG in
the solution were excluded. H The absorption increase saturates
with the derived calibration function [Eq. ([])] for increasing ini-
tial PBG. This leads to a lower imprecision for the quantification
of concentrations of 20 mg/L or higher using fluorescence
detection of uroporphyrin generated from PBG. The standard
deviation of the results derived from the absorption determina-
tion on blank samples (0 mg/L PBG spiked) was nine times
lower than that of the fluorescence quantification and the differ-
ence in mean amplitude between blank samples and samples
with 5 mg/L PBG was 47% bigger for the change in absorption.
Thus, the discriminability of samples with 5 mg/L PBG from
blank samples was much better using the absorption of porpho-
bilin compared to uroporphyrin fluorescence. Adjusting the pH
to 5.2 for PBG quantification by heating was found to provide
efficient generation of both uroporphyrin and porphobilin in
preliminary experiments (data not shown) and in the literature. [
For this reason, a different sample preparation procedure had to
be used for the PBG conversion by heating than for the TUP
oxidation and quantification, which required stronger acidifica-
tion. Thus, the sample which is heated for PBG quantification
may contain considerable amounts of porphyrinogens. The main
issue for PBG quantification by measuring the increase of por-
phyrin fluorescence during heating is that porphyrinogens may
be spontaneously oxidized by heating the sample.B Thus, the
increase in fluorescence intensity caused by conversion of
PBG to uroporphyrin cannot be distinguished from an increase
generated by the spontaneous oxidation of porphyrinogens to
porphyrins. Especially in samples with PBG concentrations
<10 mg/L and high TUP concentrations and therefore possibly
high concentrations of porphyrinogens, most of the increase in
fluorescence intensity might have to be attributed to the sponta-
neous oxidation of previously nonfluorescent porphyrinogens.
For porphobilin absorption, no interference by other substances
is known. Since the relevant range for PBG quantification is
<20 mg/LH where absorption measurements provide higher
precision, we deem it reasonable to limit the method to using
only absorption of porphobilin for the indirect quantification
of PBG. This might additionally allow for even stronger acidi-
fication, which increases the absorbance of porphobilin formed
from PBG by heatingld and therefore could improve the sensi-
tivity of the method.

Urinary porphyrins and PBG of a sample of an acute porphy-
ria patient were quantified using the laboratory reference meth-
ods and the methods described in the paper. Oxidation provided
no increase in fluorescence intensity, since porphyrinogens had
most likely already been completely auto-oxidized during the
time between sampling and measurement. PBG determination
showed only 1.5% deviation from the reference method for
determination with porphobilin absorption and 6.8% for uropor-
phyrin fluorescence.

Based on these findings, we propose a procedure to identify
patients with an attack of acute porphyria from a collective of
patients with abdominal pain, as shown in Fig. §. An elevated
PBG concentration indicates acute porphyria, which allows for
the immediate treatment of symptoms in the emergency room
and avoids false diagnoses and unnecessary time delay.
Compared to the recently withdrawn screening kit, the proposed
procedure has several advantages. Sample preparation requires
only 2 min and cheap chemicals in low amounts. All further
measurement steps can be automated. This leads to an overall
low cost per test with a high usability.
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Before applying the proposed screening test in the clinical
routine, reference ranges for both TUP and PBG have to be
determined and the necessity of normalizing to creatinine has
to be studied. While literature offers an upper threshold concen-
tration in healthy specimens at 2 to 2.5 mg/L for PBG and
0.2 umol/L for TUP, this has to be verified on patient samples
in the relevant patient collective. The reference ranges for
patients with acute abdominal pain not related to acute porphyria
might deviate from those of healthy subjects and the optimiza-
tion of the test might require a threshold for both TUP and PBG
concentrations that differs from the usual reference range.
In addition, possible interfering substances may be identified
present in urine samples from patients with a variety of medical
conditions under various medications.

5 Conclusion

A device tailored for the rapid investigation of urine samples of
patients with a suspected attack of acute porphyria was designed
and evaluated. The proposed method requires only minimal
sample preparation, while the measurement and data evaluation
procedure can be fully automated. It therefore has the potential
to close the screening gap for acute porphyria.
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ABSTRACT

Background: Assessment of hemolysis in vivo is becoming increasingly relevant in critical care. Current methods
(Harboe, 1959) for quantifying the free hemoglobin (fHb) content produce unsatisfactory results in case of
hyperbilirubinemia, a frequent condition in patients at risk for intravascular hemolysis.

Methods: A novel evaluation method based on second-derivative fitting to quantify fHb content was developed.
The method uses spectrophotometric data from 350 to 650 nm recorded with standard instruments as input. To
evaluate the power of the new method, plasma of patients and non-icteric plasma of healthy volunteers were
spiked with fHb concentrations up to 2000 mg/L and compared to methods described in the literature by
Harboe, Noe and Fairbanks. All measurements were done in compliance with the bioanalytical method vali-
dation protocol from the European Medicines Agency.

Results: Both the second-derivative fitting algorithm as well as the methods of Harboe, Noe and Fairbanks
quantified fHb accurately in non-icteric samples, with inaccuracy and imprecision below 10%. For icteric spe-
cimen, false high results were obtained with the established formulas for fHb concentrations below 700 mg/L. In
contrast, no interference was found with the second-derivate fitting method for bilirubin concentrations up to
465 umol/L. The lower limits of quantifications for the second-derivative fitting algorithm were specified in
agreement with the EMA guideline with 25 mg/L fHb for both non-icteric and icteric specimens.

Conclusions: A user-friendly, computer-based algorithm is reported that allows the accurate quantification of fHb
concentrations in the presence of high bilirubin concentrations. The new method allows for uniform sample
preparation with only a single dilution step and can be readily implemented in any laboratory on standard
spectrophotometers using the provided supplementary Microsoft Excel macro.

1. Introduction accumulates in the peripheral blood, and patients develop hemoglobi-

nemia [4]. Notably, it is essential to avoid ex vivo hemolysis by applying

Several hematologic and non-hematologic conditions can cause
hemolysis in vivo, including autoimmune hemolysis, thrombotic mi-
croangiopathy, malaria, hereditary red blood cell disorders, paroxysmal
nocturnal hemoglobinuria, the HELPP syndrome, tissue injury, sepsis
and even atherosclerosis [1-3]. Especially in hematologic disorders,
high amounts of free hemoglobin (fHb) are rapidly released from da-
maged red blood cells. When the degree of intravascular hemolysis
exceeds the binding capacity of plasma scavenger proteins, fHb

appropriate pre-analytical conditions in the sampling and shipment of
samples if intravascular hemolysis is to be assessed.

For the assessment of hemolysis in vivo, plasma fHb represents the
key marker, since elevated transaminases, bilirubin, lactate dehy-
drogenase (LDH) and potassium, as well as reduced haptoglobin, are
not specific for hemolysis and may therefore confound clinical analysis
[5]. Free hemoglobin is also routinely quantified to assess the quality
and usability of blood products before transfusion [6]. Due to its

Abbreviations: fHb, free hemoglobin; EMA, European Medicines Agency; HEBI-Fit, Hemoglobin Bilirubin Fit; QC, Quality control; CV, Coefficient of variation; LLOQ, Lower limit of

quantification; ULOQ, Upper limit of quantification
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oxidizing nature, fHb can cause severe damage to exposed tissue, in-
cluding the kidney tubular system [7]. Likewise, quantification of fHb is
crucial in patients with artificial heart valves [8-10] and those sup-
ported with extracorporeal devices, where erythrocytes are mechani-
cally stressed by shear forces [11,12].

Quantification of fHb is increasingly important, as shown by a
growing number of reports. Recent studies highlight the influence of
extracellular hemoglobin on adverse pathophysiological reactions as-
sociated with vascular disease, inflammation, thrombosis, renal im-
pairment and even lung injury [13-15]. Notably, fHb as a disease-
driving compound is underlined by the fact that it may serve as a
predicative biomarker for poor outcomes and increased mortality in
critical illness [16,17]. Therefore, various therapeutic strategies are
currently investigated to target the toxicity of hemoglobin in clinical
settings, such as pharmacological application of the heme scavenger
protein hemopexin and heme-degrading heme oxygenase [18].

Existing methods for the quantification of fHb can be divided into
two groups: a) biochemical methods, e.g., assays based on a peroxidase-
like reaction with benzidine or benzidine derivatives [19,20], the
modified Drabkin reaction [21], immunonephelometry [22]; and b)
multi-wavelength spectrophotometric methods that are commonly used
in clinical routines. This is reflected by the fact that approximately two-
thirds of laboratory participants (n = 119) for the current German fHb
round-robin test use direct spectrophotometry for quantification [23].
Many spectrophotometric formulas, including those of Harboe [24],
Kahn [25], Noe [26] and Fairbanks [27], correct for background ab-
sorption by interpolating linearly with the Allen method (also referred
to as a baseline technique), using readings at three distinct wavelengths
[28]. In particular, the three-point assay of Harboe is considered one of
the most reliable methods for fHb quantification, based on the por-
phyrin-specific absorption maximum at 415 nm (Soret band). However,
as bilirubin shows a considerable overlap with the Soret band, fHb
quantification with the method of Harboe is not suitable for hyperbi-
lirubinemia [29], a condition that is often present and typically asso-
ciated with severe intravascular hemolysis. In such cases, fHb de-
termination can be accomplished by the method of Kahn using
undiluted specimen (thus requiring more sample) and the absorption
band at 578 nm, which is mostly undisturbed by bilirubin. However, the
method of Kahn underestimated fHb compared to the benzidine method
in the original work [25] and in non-icteric samples in our clinical
routine when results were compared to the formula of Harboe.

No satisfying UV/VIS spectrophotometric fHb quantification
method is currently available that uses a uniform sample preparation
protocol, utilizes the full potential of the entire fHb spectrum and also
tackles the interfering variable bilirubin adequately. The objective of
the current study was therefore to develop a highly selective spectro-
photometric fHb quantification method using computational proces-
sing.

2. Materials and methods

2.1. Preparation of a non-icteric plasma-pool and collection of icteric
patient specimen

Citrate plasma was obtained from six healthy volunteers (the first
vial was discarded to avoid carryover of hemolysate) and pooled, and
aliquots were stored at —80 °C. For performance evaluation of the
methods in specimen with bilirubin, leftover icteric and visually non-
lipemic patient citrate plasmas from the routine coagulation laboratory
were collected after anonymization. Residual whole cells were removed
by centrifugation at 15000g for 30 s at room temperature and the su-
pernatants were stored protected from light at —80° until further usage.

2.2. Free hemoglobin and hemin stock solutions

Free hemoglobin must be freshly extracted from biological material,
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as its spectral pattern differs from commercially available lyophilized
methemoglobin. Free hemoglobin was therefore obtained from EDTA
blood of a healthy donor by osmotic shock of erythrocytes according to
Taulier et al. [30], with 8 mL distilled water and 4 ml blood volume.
The hemoglobin concentration of the hemolysate was determined with
a hematology analyzer (XN-1000™, Sysmex, Kobe, Japan). Scattergram
analysis and a considerably reduced erythrocyte corpuscular volume
(=25fl) confirmed complete cell lysis. Cell debris was removed by
centrifugation. Serial dilution with aqua dest yielded 10 X concentrated
stock solutions (up to 20,000 mg/L) that were stored at —80°C and
were later used for spiking experiments.

The influence of methemoglobin and methemalbumin on the fHb
quantification was studied. Methemoglobin was obtained from ex-
tracted oxyhemoglobin within 30 min at room temperature with 1.5M
excess of potassium ferricyanide (K3Fe(CN)g, Sigma Aldrich, St. Louis,
MI) over heme followed by removal of the oxidizing agent by dialysis
(membrane MCWO 12-14 kDa). Free monomeric hemin, which has the
same UV/VIS spectrum as methemalbumin [31-33] was obtained by
dissolving hemin chloride (Sigma Aldrich, St. Louis, MI) in nitrogen
purged DMSO solution (Sigma Aldrich, St. Louis, MI). For comparative
analysis UV/VIS absorption spectra were recorded for equimolar heme
amounts using 80pM monomeric hemin chloride in DMSO-water
(80:20, v/v), 20 uM methemoglobin and 20 uM oxyhemoglobin in aqua
dest. Serial dilution with aqua dest yielded 10 X concentrated methe-
moglobin stock solutions that were blended with equally concentrated
cell-free hemoglobin solutions (obtained from EDTA blood) to yield
stock mixtures with varying fHb and free methemoglobin proportions.

2.3. Preparation of samples with varying free hemoglobin concentrations

One volume of hemoglobin stock solution was admixed with nine
volumes of citrate plasma to yield spiked samples with varying he-
moglobin concentrations (ranging from 0 to 2000 mg/L). The control
sample (admixed with distilled water) was used to measure the con-
centration of total bilirubin with the 2,4-dichlorophenyl diazonium
method (AU5800 AU clinical chemistry analyzer, Beckman Coulter,
Brea, CA, USA).

2.4. Spectral photometry

Photometric UV/VIS absorption spectra were recorded with a
spectral photometer (U-1900, Hitachi High-Technologies, Tokyo,
Japan) using 10-mm transmission disposable polystyrene semi-micro
cuvettes (Sarstedt, Niimbrecht, Germany) and scatter-free buffer TRIS/
HCI solution for sample dilution (Bioanalytic, Umkirch, Germany). The
step size was set to 0.5nm, the scan speed to 200 nm/min, and the
spectral bandpass was 4 nm. Spiked plasma samples (including the
control sample) were diluted 1:11 with scatter-free buffer solution, and
spectra were recorded from 350 to 650 nm. Hemoglobin concentrations
were calculated according to the algorithms of Harboe [24], Noe [26]
and Fairbanks [27]. To apply the method of Fairbanks, the absorbance
at 700 nm was replaced with absorbance at 650 nm. Comparative
analysis of blind duplicates was performed with the Lambda-40 ab-
sorption spectrometer (Perkin Elmer PE, Waltham, MA, USA), in con-
junction with semi-micro PMMA cuvettes (Brand, Wertheim, Germany).

2.5. Second-derivate fitting algorithm

The new algorithm is designed to quantify fHb and total bilirubin
from UV/VIS-spectrophotometric raw data. It is therefore named HEBI-
Fit (“Hemoglobin Bilirubin Fit”).

First, the wavelength range used for the second derivate fit is de-
termined (see Fig. 1A). If the absorbance at 460 nm is lower than at
350 nm and the absorbance at 350 nm does not exceed 0.5, there is no
relevant bilirubin interference, and the fit is applied to the entire fHb
absorption spectrum (380-615 nm). If interference is detected, the fit
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Fig. 1. A) Work-flow of HEBI-Fit algorithm. Fit wavelength range is automatically selected depending on bilirubin interference. B) From absorbance UV/VIS
spectrum of non-icteric (top) or icteric (bottom) plasma specimen (solid) the by the second derivative fit calculated fHb spectrum (dashed) is subtracted, resulting in a
residual spectrum with the remaining bilirubin absorbance (dotted). Bilirubin maximum absorption signal at 460 nm is used to quantify the bilirubin concentration.

range for the sample is limited to the fHb absorption maxima between
522 nm and 615 nm.

The amplitude of fHb absorbance is quantified by a fit that mini-
mizes the second derivative of the specimen spectrum [34] after sub-
tracting an iteratively varied reference fHb spectrum. During the fit
procedure, a normalized hemoglobin absorbance spectrum (see Fig. 1B,
dashed) is subtracted from the sample spectrum (Fig. 1B, solid). After
subtraction (Fig. 1B, dotted), the second derivative is computed by a
Savitzky-Golay filter, with a window size of 14.5nm and a third-order
polynomic approximation. The amplitude of the subtracted fHb spec-
trum is iteratively varied by the fit until the sum of squares of all points
in the second derivative of the residual spectrum is minimal (method of
least squares), within the specified wavelength range (see Supplemen-
tary Figure). The normalized fHb spectrum used for the fit is an ab-
sorption spectrum of 1000 mg/L fHb in distilled water (prepared from
full blood hemolysate) normalized to the maximum absorbance at
415 nm. Scatter-free buffer was used as a blank.

Then, the bilirubin concentration is quantified. The previously de-
termined fHb absorbance is subtracted from the specimen spectrum.
From the resulting residuum spectrum, the intensity at 650 nm multi-
plied by 4.01 is subtracted to correct for background fluorescence. The
bilirubin value is determined from the amplitude at 460 nm #* 1.5nm
divided by 0.003903. The factors were derived from a bilirubin cali-
bration set (see Method validation, sample set 2) by minimizing the
least mean square deviation from the reference bilirubin concentration.

All data analysis and fitting were performed using Microsoft Excel
(version 2010, Microsoft, Redmond, WA, USA). An Excel spreadsheet
macro is provided as a Supplementary Material that accompanies the
online version of this article, which is able to perform not only the
described HEBI-Fit but also quantifications according to the algorithms
of Harboe and Kahn. Accordingly, HEBI-Fit can be run on any standard
consumer computer.

The rationale for using the second-derivative fitting method is that
each patient sample has a different unknown absorption background.
Unlike the analytes fHb and bilirubin, this background absorption ex-
hibits no pronounced spectral signatures. Calculation of the second
derivative removes the smooth background, while the pronounced
signatures of the analytes are preserved. Commonly known second-
derivative methods calculate the concentration of analytes by com-
paring the amplitude of the second derivative at two different wave-
lengths, thereby omitting most spectral information [35-37]. The pro-
posed fitting routine employs all the spectral information for the
evaluation. The minimization of the second derivative of a spectrum
can be summarized as a minimization of the curvature of the spectrum,
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while the curvature is mostly introduced by fHb. The resulting ampli-
tude of the subtracted fHb-specific spectrum reflects the amount of fHb
present in the sample. This principle was described and evaluated
comprehensively by Holler et al. [38] and has been successfully
adapted to other spectroscopy-based quantification methods, such as
the non-invasive detection of erythrocyte zinc protoporphyrin in the
lower lip [39].

2.6. Method validation

The analytical method was comprehensively validated according to
the guideline of bioanalytical method validation from the European
Medicines Agency (EMA), 21 July 2011 [40]. The guideline demands
independent calibration of the method, which was performed on
sample sets 1 and 2 for fHb and bilirubin, respectively. The conversion
factors given below for fHb and bilirubin absorbance can be used to
implement the method.

Set 1: Hemoglobin calibration: Eight calibrators (25, 50, 100, 250,
500, 1000, 1500, 2000 mg/L fHb) were analyzed by replicate analysis
(n = 6) on four days with one measurement series per day (total 192
samples). Calibration resulted in an absorbance of 0.0007163(53) (95%
confidence interval) per mg/L fHb at 415 nm for 1:11 diluted samples.

Set 2: Bilirubin calibration: Icteric patient plasma samples (n = 6,
bilirubin up to 428 pmol/L) were blended in seven ratios with the non-
icteric plasma pool, which had been spiked to 1000 mg/L fHb (total 42
samples). The calibration resulted in an absorbance of 0.003903(461)
(95% confidence interval) per pmol/L bilirubin at 460 nm for 1:11 di-
luted samples.

Furthermore, an independent quality control set is required to
evaluate both inaccuracy—expressed as relative mean error of the re-
trieved concentration—and imprecision—expressed as coefficient of
variation (CV). According to the EMA guideline for biomedical method
evaluation, inaccuracy and imprecision may not exceed 15% for the
quality control samples, except for the lower limit of quantification
where it should not exceed 20%. Additionally, the Model three of the
“Milan Consensus” for analytical performance specifications is applied
[41]. It requires performance of an assay to be better than current
standard methods (state-of-the-art), which is evaluated in the present
manuscript by comparing against results obtained using the method of
Harboe. Sample set 3 was evaluated for the fHb quantification in non-
icteric plasma, while sample set 4 was used to evaluate simultaneous
fHb and bilirubin quantification.

Set 3: Non-icteric quality control samples: Inaccuracy and impreci-
sion (both intra- and inter-assay), were examined by replicate analysis
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(n = 6) of five different spiked concentrations (25, 50, 100, 700,
1125 mg/L fHb) on three consecutive days (total 90 samples).

Set 4: Icteric quality control samples: The influence of increasing
bilirubin on imprecision and inaccuracy was examined in patient
samples (n = 28, 6 samples with bilirubin < 34.2 umol/L, 22 samples
with bilirubin =34.2 umol/L) that were each spiked with different fHb
concentrations (0, 25, 50, 100, 700, 1100 mg/L fHb, overall 168 sam-
ples), covering low, medium and high concentration ranges. Bilirubin
concentrations after fHb spiking ranged from 8.55 to 465 umol/L.

To fulfill the guideline's demands for stability tests, hemoglobin
stock solutions with a concentration of 1000 mg/L in aqua dest were
stored at —80 °C for 180 days and UV/VIS spectra were recorded over
this period. No alteration of the absorption spectrum or amplitude was
observed.

2.7. Correction for pre-existing free hemoglobin

For the non-spiked plasma pool of healthy donors, the background
fHb concentration was verified to be near zero using the method of
Harboe. For icteric specimens (sample sets 2 and 4), the method of
Kahn was used to identify samples exceeding the generally accepted
plasma reference value of 20 mg/L [24]. These samples were discarded,
as increased concentrations of pre-existing fHb would prevent de-
termination of the lower limit of quantification by spiking additional
fHb. For the samples with fHb concentrations < 20 mg/L, background
fHb was determined by HEBI-Fit on 1:11 diluted plasma samples. The
resulting fHb concentration was subtracted not only from the HEBI-Fit
result of each corresponding spiked sample but also from the results
derived with the method of Harboe, Noe and Fairbanks. The method of
Kahn was not used for this correction because it yielded large de-
termination errors in this low fHb concentration range. Even “negative
fHb concentrations” of —18 mg/L were calculated. Additionally, the
method of Kahn systematically underestimated the fHb concentration
by > 7% over the entire concentration range compared to the method
of Harboe or HEBI-Fit for sample set 1, even though no bilirubin in-
terference was present.

3. Results
3.1. Quantification of free hemoglobin

Calculated versus reference fHb concentrations are depicted in
Fig. 2. For the non-icteric quality control sample set 3 (Fig. 2A), the
HEBI-Fit algorithm and spectrophotometric algorithms of Harboe, Noe
and Fairbanks complied with the EMA guideline, and neither in-
accuracy nor imprecision exceeded 2.3% for HEBI-Fit and 7.8% for the
other algorithms (see Table 1 for a list of the results). For the icteric
quality control sample set 4 (Fig. 2C), the inaccuracy of the HEBI-Fit
algorithm did not exceed 3.1% for concentrations as low as 25 mg/L.
The coefficient of variation (CV) was with 20% for 25mg/L and
with < 15% for higher concentrations within the requirements pro-
posed by the EMA guideline. The examined spectrophotometric base-
line-corrected algorithms (Harboe, Noe, Fairbanks) calculated fHb
concentrations that were too high with increasing concentrations of
total bilirubin. In Fig. 2B and D, deviations from the reference con-
centrations are shown as boxplot diagrams after evaluation using the
HEBI-Fit- and Harboe-algorithms. However, for concentrations as high
as 700 mg/L fHb, the influence of bilirubin was consistently negligible
for the Fairbanks algorithm only (see Table 1). The method of Noe and
Harboe also exceeded the acceptable limits for inaccuracy and im-
precision for high fHb concentrations. It must be emphasized that for
the Harboe algorithm, total bilirubin concentrations as low as
15.4 umol/L already introduced considerable false high quantification
errors for fHb of up to 100% for the low fHb concentration of 25 mg/L
and 54% for 50 mg/L. When limiting the fit range to 522-615nm for
non-icteric sample set 3, inaccuracy increased to 27% and imprecision
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to 14% for 25 mg/L, which emphasizes that use of the entire spectral
information yields higher precision and accuracy if no bilirubin inter-
ference is present.

For smoothing and derivation of the spectrum, a combination of
running mean for smoothing and derivation by calculating differences
of adjacent points was compared to a Savitzky- Golay smoothing filter,
which yields the second derivative from the coefficients of the poly-
nomial [42]. The input parameters, namely the window size and order
of polynomic approximation of the Savitzky-Golay filter, were opti-
mized using the non-icteric sample set 3. The use of Savitzky-Golay
yielded only improvements of smaller than 0.5% for inaccuracy and
imprecision of non-icteric samples. The inaccuracy and imprecision of
the icteric sample set 4 was lowered for samples with a low con-
centration of fHb. For 25 mg/L fHb, the inaccuracy and imprecision was
improved to —2% and 20%, respectively, for a window size of 14.5 nm
(29 steps) and third-order polynomic smoothing compared to —5.9%
and 23% for the use of a running mean.

3.2. Quantification of bilirubin

For all icteric plasma samples in sample set 4, the bilirubin con-
centration was calculated by HEBI-Fit. In Fig. 3, the results are shown in
comparison with the biochemically measured total bilirubin. The im-
plementation of the Fairbanks algorithm AIl yielded linear results, but
these values were off by a factor of fourteen compared to HEBI-Fit and
reference results. After correction by this multiplication factor, both
methods performed equally well for bilirubin concentrations above
85.5 umol/L, as shown in Table 2. For smaller concentrations, Fair-
banks had a higher CV of 22% (17.1-85.5umol/L) and 63%
(8.55-17.1 umol/L), compared to 10% and 27% for the HEBI-Fit algo-
rithm, respectively.

It was also verified that the HEBI-Fit method can be used with dif-
ferent spectrophotometers when analyzing blind duplicates by means of
comparative measurement (Hitachi U-1900 vs. Lambda-40). For fHb
amounts above the lower limit of quantification, the relative deviation
between measurements did not exceed 10%.

3.3. Spectrophotometry of monomeric hemin, methemoglobin and
oxyhemoglobin

UV/VIS absorption spectra are shown in supplementary Fig. 1. In
agreement with previous reports monomeric hemin has the same
spectral pattern as methemalbumin shown by the prominent absorption
maxima at 403, 500, and 623 nm. The spectrum of methemoglobin,
with absorption maxima at 405, 500 and 632nm [43], is close to
identical to methemalbumin in the fit range of HEBI-Fit between 380
and 615 nm. The quantitative analysis was therefore carried out only on
methemoglobin.

3.4. Assessment of free hemoglobin quantification in presence of free
methemoglobin

For samples spiked with both fHb and methemoglobin, the accuracy
of fHb quantification was assessed for combined free hemoglobin and
methemoglobin of 100mg/L and 500 mg/L. (Table 3). Inaccuracy
was < 10% except for the samples where methemoglobin accounted for
85% of the combined free hemoglobin, where fHb was slightly over-
estimated by HEBI-Fit. In contrast, the method of Harboe neither
quantified fHb correctly in the presence of methemoglobin, nor the sum
of both, if the methemoglobin content exceeded 20% (Table 4).

4. Discussion
The mathematical method described here innovatively allows ac-

curate quantification of fHb in icteric human plasma. It is validated as a
computer-driven method that uses absorption spectra recorded from
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Fig. 2. Free hemoglobin concentrations calculated using HEBI-Fit and Harboe algorithms, compared to reference concentration for non-icteric samples in A) and B)
and icteric samples in C) and D). Error bars denote standard deviation, line represents the median, and whiskers represent minimum/maximum range of points within

1.5 times the interquartile range in the box.

uniformly diluted human plasma to quantify fHb concentrations with a
second-derivate fitting algorithm, irrespective of whether the specimen
is icteric. Additionally, the total bilirubin concentration can be derived
from the spectrophotometric raw data. The quantification method is
therefore named HEBI-Fit (“Hemoglobin Bilirubin Fit”). The algorithm
exploits all information from a recorded spectrum by subtracting a
known fHb spectrum and iteratively minimizing the second derivative
of the resulting residual spectrum over the entire spectral range. The
HEBI-Fit-method offers essential advantages over existing direct spec-
trophotometric approaches and therefore fulfills the criterion of the
“Milan Consensus” requiring a new method to be an improvement

Table 1

compared to the state-of-the-art [41]. For the first time, fully automated
accurate quantification of free plasma hemoglobin and bilirubin in
patients with significant hyperbilirubinemia is possible. Quantification
requires only a single dilution step with scatter free diluent, and it can
be performed within minutes. A corresponding Microsoft Excel macro is
provided in the Data supplement that accompanies the online version of
this article. The macro permits fHb and bilirubin quantification with
HEBI-Fit, comparing fHb quantification results to the direct spectro-
photometric algorithms of Harboe and Kahn.

The current computational software is based on derivate UV/VIS
spectrophotometry, a powerful technique that allows quantification of a

Comparison of inter-assay inaccuracy (observed — reference, relative to reference) and imprecision (CV) in observed concentrations for quantification with HEBI-Fit

and three baseline correction formulas for non-icteric (3 runs with 5 concentrations
concentrations for 28 specimens).

and 6 replicates per concentration per assay) and icteric samples (one run with 5

Concentration (mg/L) HEBI-Fit inaccuracy Harboe inaccuracy Noe inaccuracy Fairbanks inaccuracy
(%)/imprecision (%) (%)/imprecision (%) (%)/imprecision (%) (%)/imprecision (%)
Non-icteric 25 (LLOQ) -1.0/1.1 -0.9/1.1 -1.4/1.1 -1.3/1.1
(n = 90) 50 —0.0/0.5 —-0.3/0.6 —1.0/0.6 —0.8/0.6
100 0.5/1.0 -1.5/0.9 -2.3/1.0 —2.7/0.9
750 -1.1/1.3 -3.8/1.9 —4.5/1.8 —6.5/1.6
1125 (75% ULOQ) 1.6/2.3 -3.5/3.0 —4.8/3.3 -7.8/.7
Icteric (n = 140) 25(LLOQ) —2.0/20 840/656 941/761 253/301
50 -3.1/12 417/322 467/374 126/145
100 —2.3/6.9 204/156 229/182 59/70
700 2.3/2.8 24/14 27/18 3.3/10
1100 (73.3% ULOQ)  0.8/1.9 8.4/6.1 11/7.5 -4.1/11
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Fig. 3. Bilirubin calculated by HEBI-Fit versus reference shows satisfactory
quantification performance. Imprecision and inaccuracy are reported in
Table 2.

Table 2
Comparison of bilirubin quantification using HEBI-Fit and Fairbanks formula
AlL

Bilirubin HEBI-Fit inaccuracy Fairbanks inaccuracy
concentration (umol/ (%)/imprecision (%) (%)/imprecision (%)
L)

8.55-17.1 (n = 16) 16/27 —-11/63

17.1-85.5 (n = 48) -7.5/10 -1.6/22

85.5-479 (n = 102) —0.5/8.0 2.8/10

Table 3

Mean quantification error of HEBI-Fit for samples with 100 mg/L (top rows)
and 500 mg/L (bottom rows) of combined free hemoglobin and free methe-
moglobin in dependence of the portion of fHb.

100 (100%) 95.8 91.5 78.8 57.5 15 (below

LLOQ)

Concentration of fHb
(mg/L)

Mean bias for non- 4% 0% 1% 3% 8%  83%
icteric sample

Mean bias for icteric
sample

Concentration of fHb
(mg/L)

Mean bias for non-
icteric sample

Mean bias for icteric

sample

1% 4% 2% 0% 5%  40%

500 (100%) 479 458 394 75

0% -5% —-3% -4% 0% 40%

1% -3% -3% -1% 0% 19%

Table 4

Mean quantification error of the method of Harboe for samples with 100 mg/L
(top rows) and 500 mg/L (bottom rows) of combined free hemoglobin and free
methemoglobin in dependence of the portion of fHb. Icteric samples are not
shown since the method of Harboe is flawed for icteric samples.

Concentration of fHb 100 (100%) 95.8 91.5 788 57.5 15 (below

(mg/L) LLOQ)

Mean bias for non-icteric 5% 5% 13% 30% 39% 318%
sample

Concentration of fHb 500 (100%) 479 458 394 285 75
(mg/L)

Mean bias for non-icteric 0% 0% 6% 25% 33% 286%
sample
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specific analyte in the presence of interfering substances [34]. Second-
derivate spectra were used in the 1990s for quantification of fHb and
bilirubin, but the technique did not gain acceptance for clinical routine
use [35-37], most likely due to the additional effort in implementation
and evaluation compared to three-point spectrophotometry. Since the
introduction of the Fairbanks formula AIl in 1992 [27] no considerable
improvements in UV/VIS spectrophotometry have been implemented.

The mathematical algorithm was validated according to the guide-
lines of bioanalytical method validation from the European Medicines
Agency with real patient samples only, which leaves little room for
unforeseen matrix effects. Accordingly, HEBI-Fit allows quantification
of fHb levels as low as 25 mg/L in non-icteric and icteric specimens.
Although fHb reference values as low as 20 mg/L are reported in the
literature for plasma [24], hemoglobin values =50mg/L are con-
sidered relevant for the diagnosis of hemolysis in our experience.

The influence of bilirubin on direct spectrophotometry has been
discussed by other groups [24-27]. Most interestingly, our data in-
dicates calculation errors for samples with bilirubin concentrations as
low as 15.4 pumol/L when using the formula of Harboe, although Bednar
et al. report interference for concentrations higher than 34.2 pmol/L
only [29]. Our observation is in agreement with the work of Wians et al.
[44], where 23.9 umol/L total bilirubin caused an apparent 1.5-fold
increase in plasma spiked with 100 mg/L fHb. The work of Noe and
coworkers is occasionally cited to give correct results when bilirubin is
present, but only concentrations of 5.13 umol/L total bilirubin or lower
were evaluated. These concentrations are treated by our algorithm as
“no bilirubin interference” present. It should therefore be emphasized
that fHb concentrations should be reviewed carefully when multi-wa-
velength direct spectrophotometry is applied for samples that are
considered almost icteric.

Although we provide a “pure” fHb spectrum in the supplementary
information, each photometer should be calibrated with a fHb solution
that is either freshly prepared from full blood or stably stored at
—80°C, as slight alterations in the spectral pattern can cause con-
siderable falsification. In this regard, rapid sample processing or stable
storage (preferably at —80 °C) is essential. Methemalbumin and me-
themoglobin have a different spectral pattern than fHb with the Soret
band at 403 and 405 nm. The presence of one or both substances in-
troduces a blue shift of the Soret band absorption maximum of he-
moglobin. The results show that fHb is correctly identified by HEBI-Fit
under these conditions, while both methemalbumin and methe-
moglobin are not considered. This can lead to an underestimation of the
combined concentration of fHb and methemalbumin and/or methe-
moglobin. For comparison, the current reference method (Harboe) for
fHb determination does not accurately determine fHb if methemoglobin
is present and also underestimated the sum of both, if no bilirubin is
present. This is in agreement with earlier observations by Fairbanks
et al. [27] where spectrophotometric fHb quantifications were altered
by the presence of methemalbumin or methemoglobin.

In the clinical routine, we emphasize the need to visually examine
the spectrum for a blue shift of the Soret band to identify samples with
relevant methemalbumin content. The HEBI-Fit macro displays a grey,
vertical auxiliary line at 415 nm, simplifying the identification of peak
shifts. Since the robustness of the method was only evaluated using
bilirubin and methemoglobin, it should also be validated on samples
from patients with active hemolysis, where methemalbumin (rather
than methemoglobin) may also be present.

We also stress that, currently, no commercial quality control sam-
ples are available for HEBI-Fit, as the available lyophilized hemoglobin
spectrum might deviate from physiologic oxyhemoglobin. The results
with HEBI-Fit should therefore be evaluated in conjunction with a
quantification method established in-house (e.g. algorithms of Harboe
and Kahn).

In summary, the presented HEBI-Fit method combines state-of-the-
art UV/VIS spectrometry with fully automated user-friendly spectro-
photometric evaluation, being a convenient tool for a far more detailed
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assessment of plasma fHb. The provided Microsoft Excel macro can be
readily implemented in any laboratory on a standard spectrometer.
Thus, UV/VIS spectrometry, which is almost considered antiquated in
laboratory medicine, can reach unforeseen strength when combined
with readily available computing power and an innovative algorithm.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clinbiochem.2018.04.007.
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