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ARTICLE INFO ABSTRACT
Keywords: Background: Prognosis, diagnosis, and treatment of several diseases strongly rely on the sensitive, selective, and
Bi""fe_di_cal research accurate determination of specific biomarkers in relevant biological samples. Free biliverdin and free bilirubin
Sensitivity represent important new biomarkers of oxidative stress, however, the lack of suitable analytical methods for their
IS{:rT;slmess determination has hindered progress in biomedical and clinical research.
Stability Results: Here, we introduce a first comprehensive approach for robust and simultaneous determination of these

bilins in serum using liquid chromatography — mass spectrometry (LC-MS). The developed analytical method
exhibits linearity for both analytes within the concentration range of 0.5-100 nM, with limits of detection and
quantitation determined at 0.1 nM and 0.5 nM, respectively. Moreover, several analytical pitfalls related to the
intrinsic molecular structures of free bilirubin and free biliverdin and their trace concentration levels in bio-
logical samples are discussed here in detail for the first time. We have shown that the solubility, chemical
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stability, and affinity of these bilins to various materials strongly depend on the solvent, pH, and addition of
stabilizing and chelating agents. Finally, the validated LC-MS method was successfully applied to the analysis of
both bilins in fetus bovine serums, yielding higher free bilirubin/biliverdin ratios compared with previously
reported values for human serum.

Significance: Failure to recognize and address the challenges presented here often leads to substantial analytical
errors and consequently biased interpretation of the obtained results. This pertains not only to LC-MS, but also to
many other analytical platforms due to the compound-derived sources of error.

1. Introduction

Bilirubin (BR) and biliverdin (BV) are natural pigments belonging to
the group of bilins. From the perspective of vertebrate metabolism, BV is
an intermediate and BR is the end-product of heme catabolism. More
importantly, BR is recognized as one of the most potent endogenous
intracellular antioxidants [1]. Upon reaction with reactive oxygen spe-
cies, it converts to BV and is subsequently reduced back to BR by bili-
verdin reductase, thus, completing the cycle. Moreover, BR has
anti-inflammatory properties [2] and exhibits anti-thrombotic activity
[3]. Several epidemiological studies demonstrated that elevated serum
BR levels are associated with reduced risk of developing various car-
diovascular diseases (CVD) or type 2 diabetes mellitus [4]. Recently,
bilirubin has been described with endocrine actions and metabolic roles,
such as decreasing adiposity [5]. In blood, BR is present in various
chemical forms, namely, conjugated with glucuronic acid (direct BR),
unconjugated but bound to serum albumin (indirect BR), and
unconjugated-unbound (free BR). From a physiological point of view,
the bioactive form is the free BR, however, its routine measurement in a
clinical setting has yet to be implemented. Actually, the free forms of
both pigments (and their relative concentration ratios) represent
potentially important medical biomarkers as various physiological roles
of BV and BR continue to be uncovered.

The advancement of biomedical research involving free BR and free
BV has always been hindered partially due to the absence of robust (bio)
analytical methods for their determination in biological fluids and tis-
sues. Both compounds have carboxylated tetrapyrrole chemical struc-
tures which govern their complex physicochemical properties. Notably,
despite extensive chemical research, their pKa values have still not been
clearly determined. In contrast to BV, the structure of BR is substantially
stabilized by intramolecular hydrogen bonds, which are largely
responsible for its poor solubility in most aqueous and organic solvents
[6,7]. At least 3 positional (Illa, IXa, and XIIla) [8] and 4 geometric
isomers (4Z,15Z-, 4E,15Z-, 4Z,15E-, and 4E,15E-) of BR are known [9],
and by analogy, so are many isomers of BV [10]. However, the naturally
occurring forms are 4Z,15Z-bilirubin IXa (referred to here as “bilirubin”
— BR) and 4Z7,10Z,15Z-biliverdin IXx (referred to here as “biliverdin” —
BV) (Fig. S1). Nevertheless, the IIla and XIIla positional analogues are
frequently encountered as typical impurities in commercial BR and BV
analytical standards, leading to analytical bias [11]. Bilirubin is highly
susceptible to degradation and geometric isomerization in the presence
of light, but not BV since, only recently, a 5Z,10Z,15E geometric analog
of naturally occurring 5Z,10Z,15Z-biliverdin IXa was first proposed
[12]. A comprehensive and systematic evaluation of the experimental
factors (solvent composition, temperature, light, pH, salinity, oxidants,
additives, and metals) that affect free BR and BV determination remains
to be carried out. Moreover, although the significance of sample and
standard stability prior to and during chemical analysis is of paramount
importance, it is often underestimated [13,14].

The diagnostic value of total and conjugated BR in clinical practice
has been found to be overstated in certain cases, but low-sensitivity
analytical methodologies for the determination of these species at
micromolar levels in serum or bile are still considered the gold standard
[15]. On the other hand, there is an increasing interest in direct mea-
surement of low concentrations of free BR and free BV, but this has
proven to be quite challenging, and requires reliable analytical

solutions. Indirect HPLC-UV methods involving derivatization can be
used to determine free BR and BV, but such approaches are accompanied
by poor method accuracy and reproducibility [16]. The most frequently
used peroxidase measurement of free BR was long considered accurate
and reliable, but it is now clear that this assay suffers from the lack of
selectivity in the presence of conjugated bilirubins and BR photoisomers
which are readily found in biological matrices [15,17]. Sensitive
methods (LOD <100 nM) based on ligand-binding fluorescent sensors
provide fast indirect measurements of BR through its protein-binding
dynamic equilibrium, but these methods can be prone to calibration
errors and, most importantly, they lack selectivity [18-20]. A related
metal-organic framework sensor was shown to enable a low 0.59 pM BR
detection limit, but it could not be used for BV analysis [21]. Actually,
the simultaneous determination of the free forms of BR and BV in bio-
logical matrices is a formidable task [15-22]. There is only one report
describing a direct, accurate, and simultaneous determination of free BV
and free BR in biofluids and is based on HPLC in combination with
ultra-sensitive thermal lens spectrometric (TLS) detection [11,23].
However, the TLS detector is not commercially available and represents
arather cumbersome piece of instrumentation, as the complex detection
optics need regular fine-tuning to ensure high sensitivity; this negatively
affects the robustness and reproducibility of such a setup and hinders its
wide applicability. The stability of sample and standard solutions pre-
sents another important analytical challenge [13]. During sample
preparation and/or analysis, BR and BV can readily convert into a
number of isomeric species as well as oxidation products [24-26]. If
these species cannot be distinguished, they must be separated prior to
their determination to ensure the quality of the experimental data (free
of artefacts or interferences) and the validity of these results [15]. Only
proper consideration of all major sources of error can perhaps prevent
the frequent erroneous biological interpretations [27-29].

Reliable and sensitive analytical methods for the determination of
free BV and free BR are needed to capture the true value of these species
as they provide valuable insights into the delicate balance between
antioxidant and pro-oxidant mechanisms in the body. Alterations in the
BR/BV ratio may indicate pathological conditions characterized by
increased oxidative stress, inflammation, or impaired hemostasis. In
addition, this parameter can also serve as a biomarker for monitoring
disease progression and evaluating the efficacy of pharmacotherapy.
Liquid chromatography-mass spectrometry (LC-MS) has been exten-
sively used in biomedical and biochemical research for years and is
emerging as a practical and valuable metabolic phenotyping tool for
molecular diagnostics and personalized medicine [30-36]. The main
aim of this work was to develop and validate a fast, selective, and sen-
sitive LC-MS/MS method for the determination of free BV and free BR in
a model biological fluid — serum. However, during the course of this
study many important compound-specific sources of analytical error
were identified, critically evaluated, and strategies for their mitigation
were proposed.

2. Experimental section

Chemicals and materials used in this study are listed in the Supple-
mentary material, along with an in-depth description of the experi-
mental design used for the development of the LC-MS method. The
Supplementary material also gathers the experimental details on the
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stability study of BV and BR in different solutions.
2.1. Preparation of standard and sample solutions

Stock BV and BR solutions (100 pM) were prepared in the absence of
direct light by using DMSO which was sparged with argon beforehand.
Stock solutions were further diluted with DMSO down to a 1 pM con-
centration. Further dilutions were made by a diluent consisting of
DMSO:H20 (1:1, v/v) which contained 0.1 mg mL~! ascorbic acid
(Diluent 2).

The first steps of sample preparation were carried out as described
previously [11]. Briefly, a fresh set of crude fetal bovine serum (FBS)
was filtered consecutively 3 times through the same AMICON 10 kDa
regenerated cellulose membrane from Merck Millipore (Burlington, MA,
USA) to saturate the membrane. The filtrates from the first two filtra-
tions were discarded, but the third filtrate was collected and processed
further. As demonstrated previously, the membrane is saturated with
bilins after only two consecutive filtrations, as the concentrations of
bilins in the third, fourth, and fifth filtrate do not vary [11]. For the
analysis of BR, the filtrate (300 pL) was mixed with DMSO (300 pL),
ascorbic acid was added (10 pL; 6 mg mL ™), the solution was mixed and
finally transferred into an amber HPLC vial. For the analysis of BV, the
filtrate (300 pL) was acidified with formic acid (10 pL) and extracted
twice with chloroform (300 pL). The organic phases were pooled, the
solvent evaporated under a stream of Ny, and the solid residue was
re-constituted in Diluent 2 (300 pL) and transferred into an amber HPLC
vial. Samples were then analyzed by the LC-MS/MS method developed
here.

2.2. LC-MS/MS method for the simultaneous determination of free BV
and free BR

LC-MS/MS analyses were carried out using an UHPLC Accela 1250
system (Thermo Finnigan), coupled to an LTQ Velos ion trap MS system
(Thermo Finnigan) using a heated ESI source in positive mode. The
UHPLC system consisted of a quaternary pump Accela Pump, a ther-
mostated autosampler Accela Autosampler with a 25 pL loop, and a
photodiode-array detector Accela PDA Detector. Xcalibur (2.1.) soft-
ware was used for collection and evaluation of the data. The separation
of analytes was achieved on a Kinetex C18 EVO column from Phenom-
enex (100 x 2.1 mmi.d., 1.7 pm), which was equipped with an EVO C18
(2 x 2.1 mm i.d.) guard column. Full loop injections (25 pL) were made
and DMSO:ACN (1:3, v/v) was used as a needle wash solvent. The mobile
phase consisted of 5 mM AmF pH 3 (solvent A) and a mixture of 200 mM
ammonium formate (AmF) pH 3, water, and ACN (2.5:7.5:90, v/v; sol-
vent B) and the following step gradient was used: 0-2 min (48% B),
2-2.1 min (48-93% B), 2.1-4.5 min (93% B), 4.5-4.6 min (93-100% B),
4.6-5 min (100% B), 5-5.1 min (100-48% B), 5.1-7.5 min (48% B).
Flow rate was set to 0.8 mL/min. Autosampler temperature was main-
tained at 15 °C and the column oven temperature at 35 °C. The MS
parameters were set as follows: ESI heater temperature: 400 °C; transfer
capillary temperature: 350 °C; sheath gas: 70 arbitrary units (a.u.);
auxiliary gas: 20 a.u.; sweep gas: 0 a.u.; spray voltage: 3 kV; S-lens RF
level: 69%. Data were acquired in positive SRM mode using an isolation
width of 3 m/z and activation amplitude of 0.25. A transition 583.2 —
297.2 was used for identification and quantitation of BV with a
normalized collision energy of 35 and activation time of 25 ms. For the
analysis of BR, transition 585.2 — 299.0 was used with a normalized
collision energy of 27 and activation time of 10 ms.

2.3. Validation of the LC-MS/MS method

To show that the developed LC-MS/MS method was fit-for-purpose,
the method was validated by considering the following parameters:
precision and intermediate precision, linearity, limit of detection, limit
of quantitation, selectivity, matrix effects, accuracy, and robustness. The
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detailed validation protocol is given in the Supplementary material.

2.4. Implementation of the developed LC-MS/MS method for the analysis
of BV and BR in serum

Commercial serum samples (gamma irradiated FBS and heat inacti-
vated FBS) were prepared in triplicate according to the analytical pro-
cedure described above and BV and BR were determined by using the
developed and validated LC-MS/MS method.

3. Results & discussion

Biliverdin and bilirubin are hydrophobic molecules that differ only
by one double bond. In a biological setting (e.g., in animal and human
serum), they are mainly conjugated with glucuronic acid or bound to
serum albumin. However, it is noteworthy that small fractions of total
BV and BR are also present in free form. Importantly, free BR is the
bioactive form and plays a critical role in various physiological pro-
cesses, including antioxidant and anti-inflammatory activities. Conse-
quently, the measurement of both free BR and its precursor, free BV,
holds particular clinical importance for assessing real-time serum anti-
oxidant status. Free BV and free BR behave quite differently from their
conjugated or bound analogues and these physicochemical properties
(hydrophobicity, solubility, stability, etc.) make their analytical deter-
mination quite challenging. Here, we provide a step-by-step LC-MS/MS
method development and highlight the obvious and not so obvious
methodological pitfalls that can introduce significant bias into analytical
results and can undermine the validity of the underlying biological in-
terpretations that usually follow.

3.1. Method development

Due to the intrinsic lipophilicity of both analytes and the recognized
robustness and reproducibility of reversed-phase mode of chromatog-
raphy, a C18-based UHPLC column was used for the separation and
quantitation of free BV and BR while keeping them well resolved from
their Il and XIIlx positional isomers — common impurities of
commercially available reference standards [11]. The selection of the
organic mobile phase modifier (acetonitrile, methanol, tetrahydrofuran,
or a combination thereof) had no significant influence on the chro-
matographic resolution of BV, BR, and their isomers. Use of acetonitrile
was eventually preferred because, in contrast to other tested solvents, it
gives lower system backpressures at high mobile phase flow rates, thus,
reducing the overall analysis time and increasing analytical throughput.
Both analytes contain multiple ionization sites, therefore, the effects of
different mobile phase additives on the separation and detection sensi-
tivity were tested next (Fig. S2). No chromatographic peaks for either of
the analytes were observed when mobile phase additives were omitted.
When 0.1% formic acid was used, signals for BV and BR appeared, but
XIIlla and ITlo isomers did not separate from BV IXa. Better results were
obtained with 5 mM AmF buffer in the mobile phase. Higher ionic
strengths gradually decreased the sensitivity of MS detection with no
discernible improvements in the resolution of chromatographic peaks.
Further, changes in mobile phase pH affected the selectivity for BV and
BR, but not in the same way (Fig. S3). A baseline resolution of BV
IIlo/BV and BV XIIla/BV was indicated at acidic conditions, however, at
the same time resolution between BR and its isomers was <1.3. On the
other hand, all BR isomers could be fully resolved by increasing the pH,
but the problematic pair BV IIla/BV completely co-eluted. Thus, acidic
mobile phase containing AmF was selected for further improvement of
the separation. By lowering the column temperature from 50 °C to 20 °C,
the resolution between the most critical pairs of analytes improved on
account of an increase in selectivity and retention factor (Fig. S4). As a
compromise between sample throughput and resolution, a column
temperature of 35 °C was selected and with an optimized step gradient
program, a baseline separation of BV, BR, and their positional isomers



A. Albreht et al.

was achieved in 7.5 min - the time inclusive of the column
re-equilibration period (Fig. 1).

Although both studied bilins contain chromophores that absorb light
in the visible region of the spectrum, UV detection and quantitation was
practical only in the 100 nM concentration range or above. Therefore,
MS detection was preferred as it enabled the determination of both BV
and BR at physiologically relevant (low nM) concentrations. Despite
possessing two carboxylic functional groups the sensitivity for BV and
BR in positive ion mode at 1 nM level was approximately 2-3-fold
higher relative to the negative ion mode (Table S1). The order of MS
analysis on the sensitivity was also evaluated with the relevant transi-
tions listed in Table S2. Bilirubin failed to be detected when using SIM
mode due to a high MS background, but both analytes were observed
when using MS/MS in SRM mode with S/N equal to 9.5 and 31 for BR
and BV, respectively. Employing MS/MS/MS in SRM mode offered no
additional gain as there was no improvement in S/N and, compared to
the MS/MS acquisition, the absolute signal intensity was roughly 5-fold
lower, decreasing the detection sensitivity. The developed LC-MS/MS
method for qualitative and quantitative determination of BV and BR
was also validated to demonstrate its applicability to biological samples
(vide infra). But first, a number of important analytical challenges are
addressed in the next section that were identified during the method
development stage and later on during validation. Care should be taken
as these issues can often be overlooked, however, they negatively affect
the accuracy and robustness of an analytical method, especially when
structurally complex species such as the two bilins studied here are at
play [6,17,22,27].

3.2. Analytical pitfalls and how to avoid them

During the first stages of LC-MS/MS method validation we stumbled
across many analytical issues such as poor repeatability, low linearity,
poor analyte stability, etc., which severely undermined the applicability
of the initially developed method. Therefore, the reasons behind these
issues were explored by conducting a series of experiments.

3.2.1. Solubility and non-specific adsorption

Free BV, and especially BR, is well known for its poor solubility in
many liquid solvents as a consequence of its limited intermolecular in-
teractions with the solvent and a lack of chemical modifications,
respectively, which are known to markedly increase solubility in bio-
logical settings (cells, blood serum, etc.). Aqueous solubility of free BR
remains ambiguous and BR is often simply referred to as being insoluble.
However, there are a few, but rather inconsistent, studies which esti-
mate BR’s aqueous solubility to be within a surprisingly broad range of
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Fig. 1. Separation of BV and BR (10 nM) along with their positional isomers
found in commercially available standards. Chromatographic conditions are
described in detail in Experimental section.
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7 nM-2000 nM at physiological pH [7,37]. Having two carboxylic
functional groups, solubility of BR shows strong pH dependence and
increases significantly under alkaline conditions, but so does its degra-
dation rate [38]. Only a few solvents such as chloroform, dichloro-
methane, and particularly DMSO, sufficiently solubilize these bilins at
mM levels or higher. However, diluting DMSO solutions of BR and BV
with water to more closely match a typical injection solvent in RP LC
may lead to analyte precipitation and analytical error [39]. Thus, the
effect of water fraction in the diluent on possible pigment loss from
standard solutions was estimated in the concentration range of 1 nM-5
pM (Fig. 2).

With an average recovery of 96%, there was minimum-to-no loss of
analytes observed when standard solutions contained at least 50%
DMSO(aq) (v/v), but at 10% DMSO(aq) (v/v), recoveries were much
lower. The lowest recoveries were obtained at 1 nM and 10 nM con-
centrations, whereas only 30% loss due to precipitation was observed at
5 uM level for BV, but not for BR. These results show that preparation of
bilin solutions in highly aqueous and unbuffered solvents should pref-
erably be avoided in quantitative analysis. Especially at physiologically
relevant low nanomolar concentrations the measurement error could
amount to as much as 60%, but this difference cannot be ascribed to
poor solubility of the analyte. Arguably, adsorption of BV to glass HPLC
vial walls could at least partially explain the phenomenon (Fig. S5).
However, it is more likely that BV and BR bind to metal ion impurities
within the LC-MS system flow path (autosampler needle, injector,
stainless steel tubing, LC column, or ESI needle) as both analytes
represent good chelating agents [40,41]. Additional research is needed
to support this hypothesis, which was outside of the scope of this study.
For the preparation of free BV and BR solutions, DMSO and 50% DMSO
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Fig. 2. Analyte loss as a function of solvent composition of standard solutions.
Each standard solution was prepared by a 10x dilution of a corresponding so-
lution in DMSO and was centrifuged prior to LC-MS/MS analysis. Data were
normalized to DMSO at each concentration level.
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(aq) (v/v) proved suitable, giving higher recovery and precision relative
to 10% DMSO(aq) (v/v) (Fig. 2).

3.2.2. Injection solvent and injection volume

Inappropriate injection solvents are known to cause distortion of
peak shapes in LC, which in turn negatively impact specificity, precision,
sensitivity, and quantitation accuracy of an analytical method. As re-
ported in the previous section, highly aqueous mixtures can cause BR
and BV precipitation at high concentrations or non-specific analyte
adsorption in the low nanomolar concentration range and are, thus, not
preferred. On the other hand, when large 15 pL and 25 pL injections of
BV and BR in 100% DMSO were made, chromatographic peaks became
significantly distorted (Fig. S6). Additionally, with a melting point of
19 °C, DMSO solutions solidify in an HPLC autosampler tray at tem-
peratures often used for biological samples (below 20 °C). Thus, we find
that using 50% DMSO(aq) (v/v) as the injection solvent gives a good
balance between sensitivity and robustness. The selection of a suitable
injection solvent can also govern the stability of BR as shown in the next
section.

3.2.3. Stability of BV and BR in solution

The developed LC-MS/MS method is reasonably fast (analysis cycle
time ~ 8 min), but in order to support a high-throughput of samples, the
latter should be sufficiently stable for longer periods of time in the LC
autosampler. In analogy, the same applies to standard solutions of BV
and BR. Since BR and BV are chemically labile compounds, their sta-
bility in solution was evaluated through a systematic forced degradation
study. Both pigments were separately exposed for 48 h to different
experimental conditions to assess the influence of light, elevated tem-
perature, pH, solvents, and selected stabilization measures on analyte
stability.

Bilirubin is extremely sensitive to light with reported half times of as
low as 17-63 min, but its degradation rate depends strongly on the
irradiation source and other experimental conditions [42]. Here, BV and
BR were exposed to direct daylight or to irradiation at 366 nm. As ex-
pected, BR degraded very rapidly under both conditions, whereas the
retention of 48% was observed for BV after 48 h under direct daylight as
well as 366 nm (Fig. S7). Control samples, which were kept in the dark,
demonstrated that in the absence of light, BV was stable for at least 48 h,
whereas BR degraded, but at a slower rate, showing approximately 60%
retention after 48 h. Thus, working under reduced lighting conditions
during standard/sample preparation and analysis is critical to minimize
photodegradation. Temperature, on the other hand, did not present a
major factor (Fig. S8). Biliverdin was stable for 48 h within 5 °C-40 °C
interval. Degradation kinetics of BR at 5 °C was relatively slow with the
measured 73% retention after 48 h, but at 40 °C the compound degraded
much faster as only 20% of initial BR remained. Solution pH is another
important parameter to keep in mind, not so much for the preparation of
standard solutions of bilins, but for the preparation of sample solutions
of biofluids as discussed later on. Here, standard solutions of BV and BR
showed similar degradation patterns at pH 3, pH 5, and pH 9, but
differed in kinetics (Fig. S9). Both compounds were most stable at pH 3
(recovery after 48 h for BV and BR was 82% and 104%, respectively) and
least at pH 5. They also degraded under alkaline conditions, which in-
dicates that a commonly used procedure for dissolution of bilins in
0.005-0.1 M NaOH may introduce significant analytical error [12,38].
Moreover, pH experiments revealed a unique effect that pH has on the
chromatographic signals of bilins. Relative to the highest peak areas
observed at pH 9, the peak area for BV at pH 3 at time 0 was lower by
72%, however, BR was less severely affected with a reduction of 37%
under the same conditions. Therefore, since solubility/adsorption and
stability of bilins proportionally and inversely correlate with pH,
respectively, these effects should carefully be evaluated when adjusting
the pH of the dissolution solvent.

The selection of the diluent also plays an important analytical role as
it must successfully dissolve the solute and at the same time prevent
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distortion of the chromatographic peak shape. Even more, the solvent
should have no detrimental effects on the stability of analytes. Biliverdin
was reasonably stable for 48 h in the three tested solvents: 10% DMSO
(aq) (v/v), 50% DMSO(aq) (v/v), and 43% ACN(aq) (v/v), with re-
coveries >81% (Fig. S10). On the other hand, BR was more labile. The
initial rate of degradation for BR was highest in 10% DMSO(aq) (v/v),
but after 48 h the recovery was in the range of 12-20%, regardless of the
solvent used. Thus, the use of certain stabilizers could not be avoided.
Since oxidation is one of the main degradation pathways for BR, ex-
periments were carried out where: (i) the test solvent (10% DMSO(aq)
(v/v)) was either sparged with argon to reduce the dissolved oxygen or
(ii) ascorbic acid (an antioxidant) was added to the solvent prior to the
preparation of standard solutions. The effect of EDTA addition to the
injection solvent was also assessed since it was previously reported that
EDTA can effectively mask metal impurities within the LC-MS flow path,
reducing their catalytic effect in the reaction of bilin oxidation [43]. No
significant changes were observed for BV (Fig. 3). On the other hand, all
three attempts to stabilize BR were successful, but only to a certain
extent. Sparging the solvent with argon slowed down the degradation of
BR by a factor of two. Ascorbic acid (0.1 mg mL™') kept the concen-
tration of BR constant for nearly 4 h, but after that the pigment started to
degrade rapidly. Solutions of BR containing EDTA (1 mg mL™!) retained
more than 74% of BR after 48 h (Fig. 3). However, EDTA simultaneously
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Fig. 3. Degradation of BV (top) and BR (bottom) under different conditions
(solution sparged with Ar, solution containing EDTA (1 mg mL 1) or ascorbic
acid (0.1 mg mL~1). Conditions: incubation in the dark, T = room temperature,
solvent = 10% DMSO(aq) (v/v), ¢ = 100 nM, vessel = capped amber HPLC vial.
Controls were prepared in the same manner, but no additives were used and the
solution was not sparged with argon. Inset: increase in BV concentration due to
BR oxidation in the presence of EDTA (1 mg mL™b).
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induced partial oxidation of BR to BV, introducing analytical bias which
is reported here for the first time (inset of Fig. 3).

Between the two bilins, BV exerted higher stability in solution and
particular stabilization was not required. In contrast, BR proved very
labile. Shielding it from UV irradiation is obviously necessary, but
additional stabilization of BR is also advised when the standard solutions
are not analyzed immediately. Removing oxygen from the solution by an
inert gas significantly reduced the degradation of BR, while ascorbic
acid served as a shielding antioxidant. The latter is also a complexing
agent for metal ions that could also assume the role of EDTA [44].
Various amounts of ascorbic acid (5-1000 pg mL’l) were added to the
BV and BR standard solutions in search of potential issues that could
affect the robustness of the developed LC-MS/MS method (Fig. S11a).
When using 50% DMSO(aq) (v/v) as an injection solvent, peak areas for
BR (10 nM injections) were quite constant across the entire ascorbic acid
concentration interval. The same was true for BV up to a concentration
of 1 mg mL™}, where the recorded peak area was 32% lower in com-
parison to the average value from other measurements. This reduction
could tentatively be explained by partial BV precipitation as ascorbic
acid shifts the pH towards acidic values where solubility of BV de-
creases. In the case of 10% DMSO(aq) (v/v) the results were more
complex. The analyte peak areas for both BV and BR first increased with
the amount of added ascorbic acid, but then decreased at the highest
concentration levels (Fig. S11b). Ascorbic acid acts as a complexing
agent and, arguably, masks metal ions in the LC-MS flow path which
catalyze the oxidation (and degradation) of BV and BR [24]. Since the
latter is more prone to oxidation, the effect of added ascorbic acid was
proportionally larger. At highest concentrations, however, we believe
that the protective effect of ascorbic acid is counterbalanced by a
decrease in the pH of the solution, which we have shown above to
decrease the bilin solubility. As expected, these effects were more
evident in highly aqueous injection solvents, whereas they could be
considered negligible when using 50% DMSO(aq) (v/v) due to a more
efficient BV and BR solvation. Thus, 50% DMSO(aq) (v/v) that contains
ascorbic acid (0.1 mg mL™!) and that has been rigorously sparged with
argon was selected as the optimum dissolution solvent for BV and BR
analysis.

3.2.4. Filtration of BV and BR solutions

Due to the intricate solubility properties of BV and BR and due to
heavy matrices of common biological samples, solutions should be made
clear of any precipitates or undissolved matter prior to LC-MS/MS
analysis. For this purpose, the suitability of five commonly used mem-
brane filters (polytetrafluoroethylene — PTFE, regenerated cellulose —
RC, glass microfiber - GMF, polyvinylidene difluoride — PVDF, and
cellulose acetate — CA) was assessed for the clean-up of 10 nM and 100
nM standard solutions of BV and BR. Again, solutions prepared in 10%
DMSO(aq) (v/v) gave the most complex results (Fig. S12). It is evident
that all five membrane filters bind BV as well as BR, but to different
extent, so their use is discouraged under these conditions. When filtering
BV and BR solutions prepared in 50% DMSO(aq) (v/v), the recovery of
analytes improved and adsorption could be considered negligible except
in the case of PVDF membrane filter which strongly retained BR, but not
BV. Nonetheless, only RC membrane gave recoveries of BV and BR in the
range of 99-110% at both concentration levels and could thus poten-
tially be used to filter the solutions. Finally, an explanation for the un-
usually high recovery obtained for BR when using GMF filter membrane
(186-213%) is warranted. The signal enhancement was caused by an
unknown species, which leached from the filter (despite prior membrane
washing) and caused this strong matrix effect in the MS (Fig. S12).
Centrifugation of samples at high speeds is perhaps the most viable
approach to remove particulate matter in this case.

3.3. Method validation

The developed LC-MS/MS method was validated in terms of
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linearity, limit of detection (LOD), limit of quantitation (LOQ), system
precision, intermediate precision, selectivity, matrix effect, recovery,
and robustness (stability of sample and standard solutions). The results
are presented in Table 1.

The validation of the LC-MS/MS method revealed a good linear
response in a broad concentration range that includes the physiologi-
cally relevant range for biofluids such as serum (1-50 nM). The method
was found to be selective for both analytes using SRM mode of MS/MS
acquisition, but minor matrix effects were observed for both BV (ion
enhancement) and BR (ion suppression). The method can be considered
precise and accurate with low relative standard deviation at the quan-
titation limit of 0.5 nM. Standard solutions and sample solutions were
sufficiently stable in the presence of ascorbic acid in 50% DMSO(aq) (v/
v) to enable a high-throughput analysis of 180 samples per day. It should
be noted though, that two distinct sample preparation procedures had to
be used for this particular analysis of BV and BR in serum, because using
a single procedure for both analytes resulted either in a high matrix
effect for BV (ME% = 151) or low method accuracy for BR (recovery =
62%), respectively. In addition, acidification of serum with formic acid
proved to be a key step that enabled the partitioning of BV from crude,
although ultrafiltered, serum (pH ~ 7.4) into chloroform. As demon-
strated by good recoveries of BV and BR listed in Table 1, acidic treat-
ment, which was used during sample preparation, did not introduce any
analytical bias into the measurement. Potentially interfering serum
species such as bilin glucuronides, which could lead to the over-
estimation of BR and BV through deconjugation (hydrolysis), are stable
at low pH used here and could be non-enzymatically hydrolyzed only in
alkaline media [45,46]. The excellent performance of the developed
LC-MS/MS method, supported by the validation data (Table 1), was only
obtained after closely examining and overcoming the many analytical
challenges discussed here. To the best of our knowledge, this is the first
validated LC-MS method that enables the simultaneous identification
and determination of free BV and free BR in serum.

Finally, by applying the validated method to the determination of
free BV and BR in two model serum samples (gamma irradiated (GI) and
heat inactivated (HI) FBS), certain similarities between bovine and re-
ported human serums could be observed (Table S3). The concentration
levels of free BR in human and fetal bovine serums are comparable,
ranging from 5 to 12 nM [23]. The ratio between the determined free BR
and BV, however, is much larger for the FBS serums analyzed here (>12)
in comparison to the human serum (2.5-4.5), on account of low levels of

Table 1

LC-MS/MS method validation parameters.
Validation parameter BV BR
Linearity range (nM) 0.5-100 0.5-100
“Slope (a) 4406 3910
“Intercept (b) 2078 845
R® 0.9992 0.9999
LOD (nM) 0.1 0.1
LOQ (nM) 0.5 (RSD = 4.8%) 0.5 (RSD = 1.9%)
System precision (at 10 ~ RSD = 1.2% RSD = 1.0%

nM)

Intermediate precision RSD = 8.7% RSD = 8.6%

(at 10 nM)
Selectivity

Matrix effect (%)
Recovery (%)

Standard solution
stability (10 nM)

Sample solution
stability (10 nM)

No signals found in BV
retention time window
109.7

96.2 (2 nM)

111.0 (10 nM)

95.7 (20 nM)

R =95.7% (72 h)

R = 95.5% (24 h)

No signals found in BR
retention time window
90.1

100.8 (2 nM)

96.6 (10 nM)

96.5 (20 nM)

R =96.9% (72 h)

R =103.9% (72 h)

# Linear regression model was used to fit the data: y = ax + b, where: y is the
peak area, x is the concentration of the analyte (nM), a is the slope and b is the
intercept.
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BV detected in bovine serums. The difference could be attributed to the
interspecies variations, or to the fact that human serum samples were
analyzed immediately after blood collection, whereas commercial
bovine serums were firstly treated with either heat or gamma rays to
remove potential microbiological agents, and then frozen for long-term
storage before using them in the experiment. Further research, which
falls outside of the current scope, is needed to confirm this hypothesis.

4. Conclusions

Evidence is accumulating that changes in concentration levels of free
BV and free BR within human tissues or biofluids could provide infor-
mation about the progression of many pathologies, or simply reflect the
response to a particular treatment or other external stimuli. To fully
exploit the prognostic and diagnostic value of these two biomarkers in
the clinical setting, it is imperative to employ accurate, sensitive, and
robust analytical approaches capable of measuring them in the low
nanomolar range. Here, we have introduced the first validated LC-MS-
based method for the simultaneous determination of free BV and BR.
With a wide linearity range (0.5-100 nM), good precision, high recovery
(95.7-111.0%), and low limit of quantitation (0.5 nM), the method is
suitable for its intended purpose. Nonetheless, there are potential pit-
falls, primarily related to the unique physicochemical properties of BV
and BR, which are most apparent in highly aqueous and unbuffered
media (e.g., water content >90%, v/v). Many issues can be avoided by
using dilution/injection solvents that contain at least 50% DMSO (v/v)
while analyte degradation in standard and sample solutions can be
reduced by preventing oxidation of analytes, thus increasing
throughput. With some adjustments, our developed method holds
promise for extension to biological tissues and other biofluids such as
urine, saliva, and lacrimal fluid, which are all obtained through non-
invasive sampling methods. To the best of our knowledge, there is
only one research study showing the LC-MS separation and detection of
BV, BR, and their positional isomers within a 25-min analysis run time,
but the reported method is not suitable for quantitative analysis [47].
Understanding the impact that sample/standard preparation and indi-
vidual experimental parameters have on the determination, stability and
solubility of free BR and free BV should also facilitate the future
development of robust analytical methods. Moreover, the results pre-
sented here provide a critical retrospect of the already reported exper-
imental data and their interpretation.

CRediT authorship contribution statement

Alen Albreht: Conceptualization, Data curation, Formal analysis,
Methodology, Validation, Writing — original draft, Writing — review &
editing, Investigation. Mitja Martelanc: Conceptualization, Methodol-
ogy, Writing — review & editing. Lovro Ziberna: Formal analysis,
Investigation, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgement

This work was supported by the Slovenian Research and Innovation
Agency [Research programs grant numbers P1-0005 and P3-0067;

research project grant number J3-8209]. We would like to thank Mateja
Puklavec for the technical support in the laboratory.

Analytica Chimica Acta 1287 (2024) 342073
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aca.2023.342073.

References

[1] T.W. Sedlak, M. Saleh, D.S. Higginson, B.D. Paul, K.R. Juluri, S.H. Snyder, Bilirubin
and glutathione have complementary antioxidant and cytoprotective roles, Proc.
Natl. Acad. Sci. USA 106 (2009) 5171-5176.

[2] M.E. Vogel, G. Idelman, E.S. Konaniah, S.D. Zucker, Bilirubin prevents
atherosclerotic lesion formation in low-density lipoprotein receptor-deficient mice
by inhibiting endothelial VCAM-1 and ICAM-1 signaling, J. Am. Heart Assoc. 6
(2017), e004820.

[3] A.R. Kundur, A.C. Bulmer, I. Singh, Unconjugated bilirubin inhibits collagen
induced platelet activation, Platelets 25 (2014) 45-50.

[4] L. Vitek, C. Bellarosa, C. Tiribelli, Induction of mild hyperbilirubinemia: hype or
real therapeutic opportunity? Clin. Pharmacol. Ther. 106 (2019) 568-575.

[5] L. Vitek, T.D. Hinds, D.E. Stec Jr., C. Tiribelli, The physiology of bilirubin: health
and disease equilibrium, Trends Mol. Med. 29 (2023) 315-328.

[6] J.D. Ostrow, L. Celic, Bilirubin chemistry, ionization and solubilization by bile
salts, Hepatology 4 (1984) 385-45S.

[7]1 R. Brodersen, Bilirubin. Solubility and interaction with albumin and phospholipid,
J. Biol. Chem. 254 (1979) 2364-2369.

[8] A.F. McDonagh, F. Assisi, Commercial bilirubin: a trinity of isomers, FEBS Lett. 18
(1971) 315-317.

[9] D.A. Lightner, T.A. Wooldridge, A.F. McDonagh, Photobilirubin: an early bilirubin
photoproduct detected by absorbance difference spectroscopy, Proc. Natl. Acad.
Sci. USA 76 (1979) 29-32.

[10] J. Awruch, M.L. Tomaro, R.B. Frydman, B. Frydman, The specificity of biliverdin
reductase. The reduction of biliverdin XIII isomers, Biochim. Biophys. Acta 787
(1984) 146-151.

[11] M. Martelanc, L. Ziberna, S. Passamonti, M. Franko, Direct determination of free
bilirubin in serum at sub-nanomolar levels, Anal. Chim. Acta 809 (2014) 174-182.

[12] R. Franski, B. Gierczyk, £. Popenda, M. Kasperkowiak, T. Pedzinski, Identification
of a biliverdin geometric isomer by means of HPLC/ESI-MS and NMR
spectroscopy. Differentiation of the isomers by using fragmentation “in-source,”,
Monatsh. Chem. 149 (2018) 995-1002.

[13] M. Foroughi, D. Parikh, J. Wassell, R. Hatfield, Influence of light and time on
bilirubin degradation in CSF spectrophotometry for subarachnoid haemorrhage,
Br. J. Neurosurg. 24 (2010) 401-404.

[14] J.D. Ostrow, P. Mukerjee, C. Tiribelli, Structure and binding of unconjugated
bilirubin: relevance for physiological and pathophysiological function, J. Lipid Res.
35 (1994) 1715-1737.

[15] C.E. Ahlfors, R.P. Wennberg, J.D. Ostrow, C. Tiribelli, Unbound (free) bilirubin:
improving the paradigm for evaluating neonatal jaundice, Clin. Chem. 55 (2009)
1288-1299.

[16] K.P.M. Heirwegh, J. Fevery, N. Blanckaert, Chromatographic analysis and structure
determination of biliverdins and bilirubins, J. Chromatogr. B 496 (1989) 1-26.

[17] A.F. McDonagh, H.J. Vreman, R.J. Wong, D.K. Stevenson, Photoisomers:
obfuscating factors in clinical peroxidase measurements of unbound bilirubin?
Pediatrics 123 (2009) 67-76.

[18] A.H. Huber, B. Zhu, T. Kwan, J.P. Kampf, T. Hegyi, A.M. Kleinfeld, Fluorescence
sensor for the quantification of unbound bilirubin concentrations, Clin. Chem. 58
(2012) 869-876.

[19] A. Kumagai, R. Ando, H. Miyatake, P. Greimel, T. Kobayashi, Y. Hirabayashi,

T. Shimogori, A. A Miyawaki, A bilirubin-inducible fluorescent protein from eel
muscle, Cell 153 (2013) 1602-1611.

[20] M. Jayasree, R.S. Aparna, R.R. Anjana, J.S. Anjali Devi, N. John, K. Abha,

A. Manikandan, S. George, Fluorescence turn on detection of bilirubin using fe (III)
modulated BSA stabilized copper nanocluster; A mechanistic perception, Anal.
Chim. Acta 1031 (2018) 152-160.

[21] Y. Du, X. Li, X. Lv, Q. Jia, Highly sensitive and selective sensing of free bilirubin
using metal-organic frameworks-based energy transfer process, ACS Appl. Mater.
Interfaces 9 (2017) 30925-30932.

[22] A.F. McDonagh, Controversies in bilirubin biochemistry and their clinical
relevance, Semin. Fetal Neonatal Med. 15 (2010) 141-147.

[23] M. Martelanc, L. Ziberna, S. Passamonti, M. Franko, Application of high-
performance liquid chromatography combined with ultra-sensitive thermal lens
spectrometric detection for simultaneous biliverdin and bilirubin assessment at
trace levels in human serum, Talanta 154 (2016) 92-98.

[24] Y. Weesepoel, H. Gruppen, J.-P. Vincken, Preliminary UHPLC-PDA-ESI-MS
screening of light-accelerated autoxidation products of the tetrapyrrole biliverdin,
Food Chem. 173 (2015) 624-628.

[25] 1. Sévago, B. Harman, 1. Kolozsvari, F. Matyuska, Complex-formation and redox
reactions of bilirubin and biliverdin with zinc(II), cadmium(II) and copper(II) ions,
Inorg. Chim. Acta. 106 (1985) 181-186.

[26] A.F. McDonagh, F. Assisi, The ready isomerization of bilirubin IX- in aqueous
solution, Biochem. J. 129 (1972) 797-800.

[27] A.F. McDonagh, The biliverdin-bilirubin antioxidant cycle of cellular protection:
missing a wheel? Free Radical Biol. Med. 49 (2010) 814-820.

[28] S. Itoh, K. Isobe, S. Onishi, Accurate and sensitive high-performance liquid
chromatographic method for geometrical and structural photoisomers of bilirubin


https://doi.org/10.1016/j.aca.2023.342073
https://doi.org/10.1016/j.aca.2023.342073
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref1
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref1
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref1
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref2
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref2
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref2
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref2
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref3
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref3
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref4
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref4
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref5
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref5
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref6
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref6
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref7
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref7
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref8
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref8
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref9
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref9
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref9
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref10
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref10
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref10
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref11
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref11
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref12
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref12
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref12
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref12
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref13
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref13
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref13
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref14
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref14
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref14
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref15
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref15
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref15
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref16
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref16
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref17
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref17
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref17
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref18
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref18
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref18
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref19
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref19
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref19
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref20
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref20
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref20
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref20
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref21
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref21
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref21
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref22
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref22
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref23
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref23
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref23
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref23
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref24
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref24
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref24
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref25
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref25
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref25
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref26
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref26
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref27
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref27
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref28
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref28

A. Albreht et al.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

IXa using the relative molar absorptivity values, J. Chromatogr. A 848 (1999)
169-177.

A. Albreht, H. Hussain, B. Jiménez, A.H.Y. Yuen, L. Whiley, M. Witt, M.R. Lewis,
E. Chekmeneva, Structure elucidation and mitigation of endogenous interferences
in LC-MS-based metabolic profiling of urine, Anal. Chem. 94 (2022) 1760-1768.
E. Gelpi, Contributions of liquid chromatography-mass spectrometry to "highlights"
of biomedical research, J. Chromatogr. A 1000 (2003) 567-581.

I. Meister, P. Zhang, A. Sinha, C.M. Skold, AM. Wheelock, T. Izumi, R. Chaleckis,
C.E. Wheelock, High-precision automated workflow for urinary untargeted
metabolomic epidemiology, Anal. Chem. 93 (2021) 5248-5258.

C.J. Sands, M. Gémez-Romero, G. Correia, E. Chekmeneva, S. Camuzeaux, C. 1zzi-
Engbeaya, W.S. Dhillo, T. Zoltan, M.R. Lewis, Representing the metabolome with
high fidelity: range and response as quality control factors in LC-MS-based global
profiling, Anal. Chem. 93 (2021) 1924-1933.

J. Medina, R. Borreggine, T. Teav, L. Gao, S. Ji, J. Carrard, C. Jones, N. Blomberg,
M. Jech, A. Atkins, C. Martins, A. Schmidt-Trucksass, M. Giera, A. Cazenave-
Gassiot, H. Gallart-Ayala, J. Ivanisevic, Omic-scale high-throughput quantitative
LC-MS/MS approach for circulatory lipid phenotyping in clinical research, Anal.
Chem. 95 (2023) 3168-3179.

E. Stancliffe, M. Schwaiger-Haber, M. Sindelar, M.J. Murphy, M. Soerensen, G.

J. Patti, An untargeted metabolomics workflow that scales to thousands of samples
for population-based studies, Anal. Chem. 94 (2022) 17370-17378.

J. Guo, T. Huan, Mechanistic understanding of the discrepancies between common
peak picking algorithms in liquid chromatography-mass spectrometry-based
metabolomics, Anal. Chem. 95 (2023) 5894-5902.

H. Wang, Y. Yin, Z.-J. Zhu, Encoding LC-MS-based untargeted metabolomics data
into images toward Al-based clinical diagnosis, Anal. Chem. 95 (2023) 6533-6541.
Y. Moroi, R. Matuura, T. Hisadome, Bilirubin in aqueous Solution. Absorption
spectrum, aqueous solubility, and dissociation constants, Bull. Chem. Soc. Jpn. 58
(1985) 1426-1431.

AM.H. Al-Hamdi, J.R. Williams, S.M.Z. Al-Kindy, A.E. Pillay, Optimization of a
high-performance liquid chromatography method to quantify bilirubin and

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Analytica Chimica Acta 1287 (2024) 342073

separate it from its photoproducts: effect of column length, pH, mobile phase
composition, and flow rate, Appl. Biochem. Biotechnol. 135 (2006) 209-218.

P. Mukerjee, J.D. Ostrow, C. Tiribelli, Low solubility of unconjugated bilirubin in
dimethylsulfoxide-water systems: implications for pKa determinations, BMC
Biochem. 3 (2002) 1-7.

M.S. Dimitrijevi¢, J. Bogdanovié¢ Pristov, M. Zizi¢, D.M. Stankovi¢, D. Bajuk-
Bogdanovi¢, M. Stani¢, S. Spasi¢, W. Hagen, 1. Spasojevi¢, Biliverdin-copper
complex at physiological pH, Dalton Trans. 48 (2019) 6061-6070.

C.C. Kuenzle, R.R. Pelloni, M.H. Weibel, P. Hemmerich, A proposed novel structure
for the metal chelates of bilirubin, Biochem. J. 130 (1972) 1147-1150.

H.J. Vreman, S. Kourula, J. Jasprova, L. Ludvikova, P. Klan, L. Muchov4, L. Vitek,
B.K. Cline, R.J. Wong, D.K. Stevenson, The effect of light wavelength on in vitro
bilirubin photodegradation and photoisomer production, Pediatr. Res. 85 (2019)
865-873.

G. Burns, M. Junius-Comer, Method For Stabilizing Bilirubin In Control Sera And
Calibrators, 2002. Patent EP0797098B1.

G.J. Kontoghiorghes, A. Kolnagou, C.N. Kontoghiorghe, L. Mourouzidis, V.

A. Timoshnikov, N.E. Polyakov, Trying to solve the puzzle of the interaction of
ascorbic acid and iron: redox, chelation and therapeutic implications, Medicines 7
(2020) 45.

W. Spivak, D. DiVenuto, W. Yuey, Non-enzymic hydrolysis of bilirubin mono- and
diglucuronide to unconjugated bilirubin in model and native bile systems.
Potential role in the formation of gallstones, Biochem. J. 242 (1987) 323-329.

F. Shinya, T. Toshima, W. Takahashi, N. Suzuki, Effects of pH on the deconjugation
of conjugated bilirubin in human bile, Tohoku J. Exp. Med. 147 (1985) 281-293.
F. De Matteis, G.A. Lord, K.L. Chang, N. Pons, Bilirubin degradation by uncoupled
cytochrome P450. comparison with a chemical oxidation system and
characterization of the products by high-performance liquid chromatography/
electrospray ionization mass spectrometry, Rapid Commun. Mass Spectrom. 20
(2006) 1209-1217.


http://refhub.elsevier.com/S0003-2670(23)01294-1/sref28
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref28
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref29
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref29
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref29
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref30
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref30
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref31
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref31
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref31
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref32
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref32
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref32
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref32
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref33
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref33
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref33
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref33
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref33
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref34
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref34
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref34
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref35
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref35
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref35
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref36
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref36
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref37
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref37
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref37
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref38
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref38
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref38
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref38
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref39
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref39
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref39
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref40
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref40
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref40
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref41
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref41
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref42
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref42
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref42
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref42
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref43
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref43
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref44
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref44
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref44
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref44
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref45
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref45
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref45
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref46
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref46
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref47
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref47
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref47
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref47
http://refhub.elsevier.com/S0003-2670(23)01294-1/sref47

	Simultaneous determination of free biliverdin and free bilirubin in serum: A comprehensive LC-MS approach
	1 Introduction
	2 Experimental section
	2.1 Preparation of standard and sample solutions
	2.2 LC-MS/MS method for the simultaneous determination of free BV and free BR
	2.3 Validation of the LC-MS/MS method
	2.4 Implementation of the developed LC-MS/MS method for the analysis of BV and BR in serum

	3 Results & discussion
	3.1 Method development
	3.2 Analytical pitfalls and how to avoid them
	3.2.1 Solubility and non-specific adsorption
	3.2.2 Injection solvent and injection volume
	3.2.3 Stability of BV and BR in solution
	3.2.4 Filtration of BV and BR solutions

	3.3 Method validation

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


