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Abstract

Previous methods for vitamin B12 (B12) analysis have extensively used cyanidation conversion with the intention of convert-
ing all cobalamins to cyanocobalamin (CNCb]) for total B12 determination. This approach has been favored for its advantages
in reducing the number of analytes, increasing analyte concentration, and improving analyte stability. However, the present
study revealed underlying limitations associated with this approach. First, a stable isotope dilution assay (SIDA) determining
total B12 as CNCbl after cyanidation conversion (conversion SIDA method) was developed. Method validation demonstrated
good sensitivity, recovery, accuracy, and reproducibility for the target analyte CNCbl. However, subsequent application of
the conversion method to real meat samples showed incomplete conversions of cobalamins. These inconsistencies revealed
day-to-day variability and reliability challenges associated with the cyanidation process. It was not possible to identify
this issue during method validation as CNCbl was spiked as the sole analyte and it requires no further cyanidation conver-
sion. The application of LC-MS/MS enabled the detection of trace amounts of unconverted cobalamins. Nevertheless, this
approach remains restricted by instrument sensitivity and stability as well as the performance of immunoaffinity purification
for different vitamers. Further development of a reliable monitoring method is a prerequisite for further optimization of the
cyanidation process. However, significant improvements of analytical instrumentation in terms of sensitivity and stability
are required to overcome the current limitations.
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Introduction

Vitamin B12 (B12) represents a family of compounds called
cobalamins, which possess the same core structure but dif-
ferent upper f-ligands (Fig. 1). In nature, the most common
cobalamins are adenosylcobalamin (AdoCbl), methylco-
balamin (MeCbl), hydroxocobalamin (OHCbl), and cyano-
cobalamin (CNCbl).

B12 is well-known for its biological significance in main-
taining normal human physiology. At the molecular level,
MeCbl and AdoCbl are required as cofactors, respectively,
for cytosolic methionine synthase (E.C. 2.1.1.13) and mito-
chondrial methylmalonyl-CoA mutase (E.C. 5.4.99.2) [1,
2]. The corresponding enzymatic reactions are crucial for
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various metabolic activities, such as DNA synthesis and
repair [3] and breakdown of branched-chain amino acids
and odd-chain fatty acids [3, 4]. OHCbl, CNCbl, and other
cobalamins play their biological roles after being converted
into these two coenzymatically active forms in the cells.

A special attribute of B12 is its exclusive origin of cer-
tain prokaryotes [5]. As humans are not able to synthesize
B12 in vivo and predominantly rely on B12 from diets, the
analysis of B12 in foods is essential for identifying B12-rich
dietary sources as well as for monitoring the daily intakes.

The analysis of B12 in foods is a challenging task due
to low concentrations of natural vitamers in non-supple-
mented foods, chemical instability of cobalamins, and
potential presence of a wide range of structural analogs
in the matrices [6, 7]. Until the recent breakthrough on
preparation of '’N-labeled cobalamins via biosynthesis
[8] and further development of the first multiple stable
isotope dilution assay (SIDA) that simultaneously deter-
mines the four natural vitamers [7], the quantification of
B12 in foods has been relying on methods mainly applying
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Fig.1 Structure of vitamin B12. The upper ligand (R) differs to form
individual cobalamins with corresponding names and abbreviations
given below

microbiological assays [9, 10], (U)HPLC-UV [11-17], and
occasionally LC-ICP-MS [18].

To ease the analytical difficulties with limitations on
sensitivity or specificity, previous applications often
make use of cyanidation conversion of native B12 vita-
mers into CNCbl during sample preparation. The total
B12 contents of the samples are then determined as total
CNCbI. The cyanidation practice is beneficial for B12
analysis due to improved overall analyte stability and
increased overall analyte concentrations. Since CNCbl
was the sole analytical target after cyanidation con-
version, the corresponding methods were merely vali-
dated for the determination of CNCbl in respective food
matrices. The performance of the cyanidation conver-
sion, which is highly relevant to the obtained total B12
contents, however, was generally neglected during the
validation and further applications of the methods. This
fact is rather concerning considering the popularity of
cyanidation conversion-based methods for B12 quantifi-
cation. Further investigations are thus highly required to
verify the correctness of total B12 contents obtained with
the application of cyanidation conversion.

The present study aimed to develop and validate a con-
version SIDA method that determines total B12 as CNCbl
after cyanidation conversion and to further compare the
developed method with a previously developed multi-
SIDA method targeting individual native vitamers (here-
after referred as native SIDA method). By doing so, the
present study intended to investigate the suitability and
reliability of cyanidation conversion for B12 analysis in
foods. A direct comparison between corresponding results
from the two methods is feasible due to the application of
the same principle for quantification, i.e., SIDA.
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Materials and methods
Chemicals and materials

Analytical standards of CNCbl, OHCbl-HCI, AdoCbl, and
MeCbl were obtained from Sigma-Aldrich (Steinheim,
Germany). [15N13]-CNCbl was prepared in-house as pre-
viously described [8]. In general, >N-labeled cobalamins
were prepared via biosynthesis using Propionibacterium

freudenreichii. The labeled cobalamins were either directly

isolated from the cell extracts or further treated with addi-
tional chemical modification steps to obtain different vitam-
ers. Papain from papaya latex (EC 3.4.22.2, cat no. P4762,
> 10 units/mg protein), a-amylase from Aspergillus oryzae
(EC 3.2.1.1, cat. no. 10065, ~30 U/mg), and soybean flour
(type I, cat. no. S9633) were purchased from Sigma-Aldrich
(Steinheim, Germany).

Sodium cyanide (> 97%) and sodium acetate trihydrate
(> 99.0%) were purchased from Sigma-Aldrich (Steinheim,
Germany). Water (LC-MS and HPLC grade) and methanol
(HPLC grade) were obtained from Th. Geyer (Renningen,
Germany). Acetic acid for LC-MS (> 99.8%), glacial acetic
acid (HPLC grade), and ammonium acetate for LC-MS (>
99.0%) were purchased from VWR International (Ismaning,
Germany). Methanol (LC-MS grade) was purchased from
Honeywell (Seelze, Germany).

Samples

For the development of the conversion SIDA method, a
fresh pork fillet sample (~300 g) was purchased from a local
butcher shop (Freising, Germany) in minced form. The sam-
ple was lyophilized (Alpha 1-2 LDplus, Martin Christ Gefri-
ertrocknungsanlagen, Osterode am Harz, Germany), finely
ground (EGK 200, Rommelsbacher, Dinkelsbiihl, Germany),
thoroughly homogenized, and stored at —20 °C in the dark
until further analysis.

Meat samples (pork fillet, beef fillet, lamb fillet, and
chicken breast) that have been previously analyzed by the
native SIDA method for individual cobalamins [7] were
again analyzed using the conversion SIDA method for total
B12 contents. These samples were stored at —20 °C in the
dark.

Sample preparation of conversion SIDA method

The extraction and purification were developed based on
the published native SIDA method [7] as well as previous
cyanidation conversion-based methods [12-14, 19]. During
method development, various sample preparation methods
were tested on a pork fillet sample in order to investigate and



Challenges in the determination of total vitamin B12 by cyanidation conversion: insights from... 5799

optimize the conversion process. The details of each method
are described below. Table 1 summarizes the differences
between the methods.

Method A One gram of lyophilized and homogenized
meat sample, 5 mg of papain, and 5 mg of a-amylase were
weighed into a 50-mL amber extraction vial (Duran, Mainz,
Germany). As internal standard, [15N13]-CNCbl was added
in amounts based on the expected total contents of cobal-
amins in the samples to fall inside the calibration range.
Sodium cyanide solution (500 pL, 1%, w/v) and extraction
buffer (25 mL, 50 mM sodium acetate buffer, pH = 4) were
added to the sample. The sample mixture was vortexed and
mixed using a magnetic stirrer (IKA, RO 15 power, Staufen,
Germany) at room temperature (RT) for 20 min before being
incubated in a shaking water bath (GFL 1092, Burgwedel,
Germany) at 37 °C for 1 h. Afterwards, the sample homoge-
nate was heated in a boiling water bath for 10 min, cooled
in an ice water bath, and transferred to a 50-mL amber cen-
trifuge tube. The residue in the extraction vial was rinsed
with 5 mL of extraction buffer and was further incorporated
into the centrifuge tube. The sample was then centrifuged
(Eppendorf 5810R, Hamburg, Germany) for 20 min (3220 x
g, RT) and the supernatant was collected and paper filtered
(Whatman 597'2) for immunoaffinity purification.

The samples were purified using immunoaffinity columns
(EASI-Extract, Vitamin B12, R-Biopharm, Glasgow, UK)
following the same procedures of the native SIDA method
[7]. After passing the sample filtrate through the column,
the column was washed with 10 mL of water. Afterwards,
an elution step using 2 mL of methanol with back flushing
was conducted twice. The eluate was dried at 40 °C under
a stream of nitrogen in an evaporator system (EC2, VLM,
Bielefeld, Germany). The sample was reconstituted in 300
pL of LC-MS water and membrane filtered (PVDF, @13
mm, 0.22 pm, Ahlstrom Munksjo, Helsinki, Finland) before
LC-MS/MS analysis. All steps were performed under sub-
dued light conditions.

Method B The same steps from method A were adopted
under different light conditions. Clear extraction vials and

centrifuge tubes instead of the amber ones were used for
extraction. The whole extraction was performed under nor-
mal laboratory light conditions. After extraction, the immu-
noaffinity purification was conducted under subdued light.

Method C The procedures and light conditions were the
same as that of method B except that the sample homogen-
ate was heated in the boiling water bath for 30 min (only 10
min for method B) after the incubation.

Method D On the basis of method C, a second cyanida-
tion step was incorporated. After paper filtration, 100 pL of
sodium cyanide solution (1%, w/v) was added to the filtrate,
and the filtrate was then shaken horizontally at 300 rpm
(Shaker KL 2, Edmund Biihler, Bodelshausen, Germany)
for 10 min under normal laboratory light conditions. Subse-
quently, the filtrate went through immunoaffinity purification
under subdued light conditions.

Preparation and concentration determination
of standard solutions

The preparation of standard solutions was conducted follow-
ing the procedures previously developed for the native SIDA
method [7] with slight modifications. Briefly, a stock solu-
tion of unlabeled CNCbl was prepared by dissolving 1 mg of
the reference compound in 10 mL of water (~ 0.1 mg/mL).
The unlabeled CNCblI stock solution was prepared monthly
and was divided into small aliquots for storage at —20 °C
in the dark. A freshly thawed aliquot was used for each
extraction. The accurate concentration of the CNCbl stock
solution was determined daily by UV spectroscopy after a
4-fold dilution with water. A stock solution of isotopically
labeled [15N13]-CNCbl (~10 pg/mL) was prepared separately
in water. For sample preparation, the labeled stock solution
was further diluted to obtain working solutions with concen-
trations suitable for spiking purposes in the range of 0.01
and 0.5 pg/mL. To determine the accurate concentrations of
['SN,5]-CNCbl used for each extraction, a calibrator solution
comprising unlabeled CNCbl (~50-100 ng/mL) and labeled
['*N,;]-CNCbl (~50-100 ng/mL) was routinely prepared

Table 1 Summary of different conditions between extraction methods A-D

Extraction steps

Method Stirring (20 min, RT) Incubation (1 h, 37 °C) Heating in boiling water bath 2nd cyanidation after paper filtration
A Subdued light Subdued light Subdued light, 10 min Not applied

B Normal light Normal light Normal light, 10 min Not applied

C Normal light Normal light Normal light, 30 min Not applied

D Normal light Normal light Normal light, 30 min Addition of 100 pL of 1% NaCN

(w/v);10 min shaking under nor-
mal light
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and measured by LC-MS/MS. To obtain the calibrator, the
CNCblI stock solution was diluted and further mixed with
['*N;]-CNCbl. Based on the LC-MS/MS response curve
of CNCbl, the concentrations of ['°N,;]-CNCbl were calcu-
lated from the known concentrations of CNCbl previously
determined by UV spectroscopy.

For the determination of conversion rate, stock solutions
of OHCbl, AdoCbl, and MeCbl were prepared by dissolving
1 mg of respective reference compound in 10 mL of water.
The accurate concentrations of the stock solutions were
determined by HPLC-DAD using CNCbl as internal stand-
ard as previously reported [7]. Briefly, a mixed standard
solution consisting of the four cobalamins, prepared by mix-
ing water (150 pL), CNCbl (100 pL of ~0.1 mg/mL), OHCbl
(250 pL of ~0.1 mg/mL), AdoCbl (250 pL of ~0.1 mg/mL),
and MeCbl (250 pL of ~0.1 mg/mL), was measured using
HPLC-DAD. The accurate concentration of CNCbl was
beforehand obtained from UV spectroscopy measurements.
The concentrations of the other three cobalamins were calcu-
lated from the known concentration of CNCbl based on the
previously established HPLC-DAD response functions (see
Electronic Supplementary Material Table S1). For spiking
purposes, a working solution comprising OHCbl, AdoCbl,
and MeCbl (~200 ng/mL, respectively) was prepared by
diluting and mixing the stock solutions.

All standard solutions were stored at —20 °C protected
from light. The CNCbl stock solutions were prepared
monthly and the stock solutions of the other cobalamins
were used within 2 months. For storage, the stock solutions
were pre-divided into 1 mL aliquots. For each extraction,
freshly thawed aliquots were used.

Instrumental conditions
UV spectroscopy

A Genesys 10S UV-VIS spectrophotometer (Thermo Fischer
Scientific, Madison, USA) was used for the absorption meas-
urements at 361 nm. Disposable cuvettes (optical path length
of 1 cm, PMMA, VWR, Ismaning, Germany) were used, and
LC-MS water was measured as blank. Further details were
reported previously [7].

HPLC-DAD

The HPLC-DAD system (Shimadzu, Kyoto, Japan) con-
sisted of an auto-sampler (SIL-20A), a liquid chromatograph
(LC-20AD), and a diode array detector (SPD-M20A). As
stationary phase, a Triart C18 column (150 X 3.0 mm, 3
pm, YMC, Dinslaken, Germany) was utilized for chromato-
graphic separation. A 50-mM ammonium acetate buffer (pH
= 4) and 100% methanol served as mobile phases A and B,
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respectively. Further details on the gradient and instrumental
parameters were described earlier [7].

LC-MS/MS

The LC-MS/MS measurements were conducted on a Nexera
X2 UHPLC (Shimadzu, Kyoto, Japan) coupled to a triple
quadrupole mass spectrometer (LC-MS 8050, Shimadzu,
Kyoto, Japan) under positive electrospray ionization (ESI)
mode. A Hydrosphere C18 column (150 X 3.0 mm, 3 pm,
YMC, Dinslaken, Germany) with a C18 pre-column (4 X
2.0 mm, Phenomenex, Aschaffenburg, Germany) served as
stationary phase for chromatographic separation. Mobile
phases A and B were 0.1% acetic acid in water and 100%
methanol, respectively. The acquisition was performed in
scheduled multiple reaction monitoring (MRM) mode.
The gradient and instrumental conditions were the same as
previously reported for the native SIDA method [7]. The
detailed MRM parameters are listed in Table S2, Electronic
Supplementary Material. The MRM transitions of OHCb],
AdoCbl, and MeCbl were monitored for the detection of
unconverted cobalamins. LabSolutions software (Shimadzu,
Kyoto, Japan) was used for system control, data acquisition,
and data analysis.

LC-MS/MS calibration and quantitation
of the conversion SIDA method

After cyanidation conversion, cobalamins in the samples
were quantified as total CNCb] using [!°N,;]-CNCbl as
internal standard. The previously established LC-MS/MS
response curve for CNCbl (y = 0.001x% + 1.0643x — 0.0276,
R? = 0.9999) was used for quantification [7]. The Y-axis
is the peak area ratio [A(CNCbl)/A([15Nl3]-CNCb1)], and
the X-axis is the molar ratio [n(CNCbl)/n(['*N;]-CNCbl)]
ranging between 0.01 and 115.61. The contents of CNCbl
in all samples were calculated based on the LC-MS/MS
response curve. The curve was mathematically resolved for
n(CNCbl). The results given in the present study are based
on dry matter.

Method validation of the conversion SIDA method
LOD and LOQ

Limits of detection and quantification (LOD, LOQ) of the
conversion SIDA method for CNCbl were determined accord-
ing to Vogelgesang and Héadrich [20] in combination with
the surrogate analyte approach [21]. The purchased soybean
flour was used as the surrogate matrix, and the self-prepared
['5N,;]-CNCbl was used as the surrogate analyte for CNCbl.
Four different levels (0.2, 0.7, 1.4, and 2.1 ng/g) of the surro-
gate analyte (i.e., ['°N;]-CNCbl) were spiked to the soybean
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flour, and each spiking level was prepared in quadruplicate.
For quantification, CNCbl was added as internal standard dur-
ing sample preparation.

Based on previous LC-MS/MS measurements used for
establishing the LC-MS/MS response curve of CNCbl for
the native SIDA method [7], a reverse LC-MS/MS response
curve was obtained by plotting peak area ratios [A([15N13]—
CNCDbl)/A(CNCDI)] against the molar ratios [n([15N13]—
CNCbl)/n(CNCb)] for the quantification of ['°N,;]-CNCbl.
The reverse LC-MS/MS response curve (y = 1.0088x
— 0.014, R* = 0.9999) was linear in molar ratios between
0.043 and 8.65 with Y-axis being peak area ratio [A(PN 13)-
CNCDbI)/A(CNCDbI)] and X-axis being the molar ratio
[n([**N;]-CNCbl)/n(CNCbI)]. The linearity was confirmed
by the Mandel’s fitting test [22]. In this way, the LOD and
LOQ of the conversion SIDA method were calculated from
['SN};]-CNCbl instead of CNCbl using the reverse LC-MS/
MS response curve.

Recovery

The recoveries of CNCbl were determined by analyzing a pork
fillet sample spiked with CNCbl at three different levels (7.5,
37.6,74.7 ng/g). Each spiking level was prepared in triplicate.
The pork fillet sample was analyzed applying the conversion
SIDA method before and after spiking. The recoveries were
calculated for CNCbl using the following equation:

found amount of total CNCbl (ng/g) — endogenous amount of total CNCbl (ng/g)

Results and discussion
Sample preparation of the conversion SIDA method

The sample preparation of the conversion SIDA method
was developed and optimized aiming at achieving
complete conversions of all native cobalamins into
the cyano-form, a prerequisite for accurate quanti-
fication of total B12 as CNCbl. The conversions of
cobalamins from different extractions were monitored
by determining the contents of total B12 in the pork
fillet sample applying SIDA as well as observing the
peaks of unconverted OHCbI, AdoCbl, and MeCbl in
the LC-MS/MS chromatograms.

In preliminary experiments, cyanide was first used in
amounts (250 pL of 1% NaCN solution (w/v)) equivalent
to a literature value [14] for light-protected extractions in
amber vials following the same procedures of the native
SIDA method [7]. The obtained LC-MS/MS chromatograms
clearly revealed incomplete conversions of AdoCbl and
MeCbl in the sample solutions (data not shown). In order to
minimize photo-degradation of cobalamins during extrac-
tion, sample preparation of the native SIDA method was
conducted under light-protected conditions. Subdued light
conditions were as well commonly required by previous cya-
nidation-based methods [12—14, 19] considering the photo-
liability of cobalamins. However, the cobalt—carbon bonds

x 100%

Recovery (%) =

spiked amount (ng/g)

Precision

Inter-injection (n = 6), intra-day (n = 4), and inter-day
precisions (n = 3, quadruplicate analysis each week for 3
weeks) were determined by analyzing a pork fillet sample
containing all four cobalamins using the conversion SIDA
method.

Determination of conversion rate

A pork fillet sample was spiked with OHCbl (35.0 ng/g),
AdoCbl (27.3 ng/g), and MeCbl (39.5 ng/g). The total CNCbl
contents were analyzed using the conversion SIDA method
before and after spiking. The spiked amount of each cobal-
amin was determined by HPLC-DAD as described in the
“HPLC-DAD” section. The conversion rate was calculated
as follows:

total CNCbl of spiked sample (ng/g) — total CNCbl of original sample (ng/g)

in MeCbl and AdoCbl were found to be rather stable in the
dark under neutral, diluted acidic, and alkaline conditions
[23]. In a previous study [24], MeCbl remained unchanged
in the dark in the presence of excess potassium cyanide
(molar ratio of 50:1). To facilitate the ligand substitution of
AdoCbl and MeCbl via OHCbl, the form that readily reacts
with cyanide to generate CNCb], light exposure might be
necessary for sample extraction. It is also possible that the
amount of cyanide first tested was not adequate for convert-
ing all cobalamins in the sample. In addition, the duration
of 10 min for heating in the boiling water bath, which was
adopted from the native SIDA method, was shorter than the
common duration of 30 min used in the literature [13, 14].
A prolonged boiling time might be needed to achieve com-
plete conversions. Therefore, the sample preparation method
was further optimized based on the following parameters: (i)
application and duration of light exposure, (ii) duration of

% 100%

Conversion rate (%) =

total spiked amount calculated as CNCbl equivalent (ng/g)
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boiling, and (iii) the amount of cyanide added. Apart from
the performances on conversion, these parameters were
optimized taking additional factors into consideration. First,
the increase on cyanide amount used for extraction leads
to increased safety concerns of the experiments. Moreover,
excessive use of cyanide might generate dicyanocobalamin
(di-CNCbl) instead of CNCbl in the sample solution [24].
The prolonged heating time and light exposure might be
beneficial for the conversion but generally also increase the
risk of degradation of all cobalamins.

Double amount of cyanide (500 pL of 1% NaCN solution
(w/v)) was first tested for the extraction of a pork fillet sample
under light-protected conditions (method A). The increase on
cyanide amount did not lead to complete conversions, and a
total CNCbl content of 13.1 ng/g was obtained. When the same
extraction procedures were performed under normal laboratory
light conditions (method B), the obtained total CNCbl content
increased to 24.1 ng/g, indicating that light exposure might be
necessary for a complete and timely conversion. With a further
increase on the duration of boiling time to 30 min (method C),
the total CNCbl content increased to 27.2 ng/g, but the obtained
LC-MS/MS chromatogram still contained traces of uncon-
verted cobalamins. Eventually, a second cyanidation step was
introduced after paper filtration with shaking and light exposure
(method D). With this method, the highest total CNCbl con-
tent of 29.9 ng/g was obtained. The corresponding LC-MS/MS
chromatograms demonstrated complete conversions.

The optimized method (method D) was further tested
on various meat samples including pork fillet, beef fillet,
lamb fillet, chicken breast, and a pork liver sample. None of
the obtained LC-MS/MS chromatograms showed residual
peaks of unconverted cobalamins. Therefore, the optimized
method was considered adequate for sample preparation and
was further subjected to method validation.

Method validation of the conversion SIDA method

LOD, LOQ, recoveries, and precisions of the conversion SIDA
method

Table 2 summarizes LOD, LOQ, recoveries, and preci-
sions of the conversion SIDA method for CNCbl as well as

previous validation results of the native SIDA method for
the same analyte.

According to Vogelgesang and Hédrich [20], LODs and
LOQs are determined from spiking experiments using a
blank matrix. Previously, the soybean flour was used as the
surrogate blank matrix in the validation of the native SIDA
method without cyanidation [7] because it did not contain
native cobalamins in detectable concentrations. However,
when the conversion SIDA method was applied, the soybean
flour showed trace amounts of CNCDbl due to concentration
of all cobalamins into CNCbl via cyanidation. Therefore, it
could not be used as a blank matrix for validating the conver-
sion SIDA method. Further investigation of various plant-
derived matrices, including soy protein isolate, pea protein
isolate, pumpkin seed protein isolate, rice protein isolate,
almond protein isolate, and a self-prepared gluten sample
from wheat flour, revealed ubiquitous presence of traces of
cobalamins in foods. The levels of individual vitamers in the
investigated matrices, which were too low to be detected by
the native SIDA method, became detectable by the highly
sensitive LC-MS/MS after all cobalamins were enriched as
CNCbl by cyanidation conversion.

To tackle the issue of lacking absolute cobalamin-free
blank matrices, the “surrogate analyte approach” [21] was
adopted for determining the LOD and LOQ of the conver-
sion SIDA method. The labeled compound ['°N,;]-CNCbl
was spiked into the soybean flour in varying amounts as
surrogate analyte, while the unlabeled CNCbl was added as
internal standard for quantification. The soybean flour was
used as the surrogate matrix as it demonstrated the lowest
CNCbl signal among all investigated matrices when ana-
lyzed by the conversion SIDA method. With the application
of the surrogate analyte approach, the LOD and LOQ were
calculated from ['>N;]-CNCbl instead of CNCbl based on
the reverse LC-MS/MS response curve (details in the “LOD
and LOQ” section). For quantification of ['°N;]-CNCb,
the influence of trace CNCbl originating from the endog-
enous cobalamins in the soybean flour was negligible due
to addition of high amounts of exogenous CNCbl as internal
standard. The obtained LOD and LOQ were 0.09 and 0.29
ng/g, respectively, demonstrating high sensitivity of the con-
version SIDA method for CNCbl analysis.

Table 2 Method validation results of the conversion SIDA method in comparison to the native SIDA method [7]

Method LOD (ng/g) LOQ (ng/g) Recovery (%) Precisions (% RSD)
Level 1 (n=3) Level2(n=3) Level 3 (n=23) Inter-injection Intra-day (n =4) Inter-day (n =3)
(n=0)
Native [7]  0.19 [7] 0.68 [7] 98 +3[7] 102 + 2 [7] 101 + 1 [7] 41[7] 41[7] 11 [7]
Conversion 0.09 * 029" 111+8 107+ 6 101 +2 2 2 4

* values determined based on surrogate analyte ['5N13]—CNCbl
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Recoveries of CNCbl were determined for the conversion
SIDA method at three spiking levels of CNCbl in a pork fil-
let sample. The chosen spiking levels generally covered the
concentration range of total cobalamins found in common
meat samples. Applying the conversion SIDA method, good
and reproducible recoveries ranging from 101 to 111% were
obtained for CNCbl. Precisions were determined from analy-
sis of a pork fillet sample applying the conversion SIDA
method. As shown in Table 2, inter-injection, intra-day, and
inter-day precisions were all below 4%.

When comparing the native and conversion SIDA meth-
ods based on the validation results for CNCbl, the perfor-
mances of both methods were generally similar. The sensi-
tivity and reproducibility of the conversion SIDA method
for CNCbl were slightly better than that of the native SIDA
method, respectively, reflected by the lower LOD/LOQ and
the lower RSDs of the various precisions (Table 2). The
better sensitivity of the conversion SIDA method for CNCbl
might be due to the improved stability of the analyte with
the addition of cyanide. The cyanidation conversion also
acts as a concentrating step to enrich low levels of native
cobalamins in samples during the extraction. The better
reproducibility of the conversion SIDA method might be
attributed to the higher concentrations of CNCbl being ana-
lyzed after pre-concentration, while much lower levels of
native CNCblI present in the samples were determined by
the native SIDA method. It is not feasible to compare the
recoveries of the two methods directly as different matrices
and spiking amounts were used for the two methods. The
recoveries of the native SIDA method were determined by
spiking a blank matrix at three levels of CNCbl (0.92, 5.71,
and 9.13 ng/g) [7]. In contrast, the recoveries of the conver-
sion SIDA method were determined by analyzing a pork
fillet sample spiked with CNCbl at three different levels (7.5,
37.6, 74.7 ng/g) while accounting for the endogenous B12
content of the sample in the recovery calculation. Generally,
both methods yielded satisfactory recoveries at their respec-
tive spiking levels.

In general, apart from that the conversion SIDA method
showed slightly better sensitivity and precision, both the
native and the conversion SIDA methods achieved similar
method performances for CNCbl analysis in foods.

Analysis of real meat samples by the conversion
SIDA method

The conversion SIDA method was employed to analyze real
meat samples previously determined by the native SIDA
method [7], following successful method validation. Sur-
prisingly, results revealed underlying issues pertaining to
the cyanidation conversion process. Notably, incomplete
conversions were observed in selected samples, with the
LC-MS/MS chromatograms of beef fillet and lamb fillet

samples demonstrating residual peaks of OHCbl, AdoCbl],
and MeCbl (Fig. 2). In contrast, the LC-MS/MS chromato-
grams of the pork fillet and chicken breast did not contain
any unconverted cobalamin peaks. Earlier during the method
development phase, the optimized sample preparation
method (method D in Table 1) of the validated conversion
SIDA method was tested on all meat samples, resulting in
corresponding LC-MS/MS chromatograms without residual
unconverted peaks (data not shown). Therefore, inconsistent
results were obtained applying the same optimized sample
preparation method between different days. These findings
raised concerns regarding the inter-day reproducibility of
the conversion SIDA method with respect to cyanidation
conversion.

Several factors related to cyanidation conversion could
contribute to the day-to-day variation of the method. First,
the cyanidation conversion process utilizes light exposure
and was performed under normal laboratory conditions.
Consequently, factors that are challenging to regulate, such
as the intensity and composition of natural light, could
influence the process. Moreover, the sample matrices and
cobalamin concentrations may as well play an important
role in the performance of the cyanidation conversion, as
residual peaks were observed in only certain meat samples.
In addition, monitoring trace residual peaks of native cobal-
amins was intended for testing complete conversion. This
approach strongly depends on the detection ability of the
instrument, which may fluctuate day-to-day in the low con-
centration range. It must be noted that the LOD determined
according to the approach of Vogelgesang and Hadrich [20]
in this study accounts for such fluctuations and is actually
higher than the real detection capability of the instrument.
Finally, immunoaffinity columns, which are indispensable
for analyte enrichment currently, can exhibit discrimination
effects towards different vitamers [12], with batch-to-batch
variation being another issue. Therefore, incomplete conver-
sions in the samples will remain unseen in the LC-MS/MS
chromatograms when the unconverted cobalamins are not
properly pre-concentrated due to discrimination.

The conversion-associated issues could not be revealed
during method validation as the spiking experiments used
the target analyte CNCbl. The analysis of CNCbl does
not require further cyanidation conversion. Therefore,
although good validation results were obtained for CNCbl
(details in the “Method validation of the conversion SIDA
method” section), the conversion SIDA method developed
and validated earlier cannot guarantee accurate determina-
tions of total B12 contents in foods. The internal standard
['"N,5]-CNCbl used for SIDA quantification only compen-
sates for the loss of CNCbl during sample treatment but not
for the incomplete conversion of other cobalamins. However,
this also applies to the previously reported conversion-based
methods [12—-14, 19], which were validated solely based on
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«Fig.2 LC-MS/MS chromatograms of a mixed standard solution con-
taining OHCbl, AdoCbl, CNCbl, MeCbl, and [*°N;]-CNCbl (A) and
meat samples using the validated conversion SIDA method (B-E)

CNCbl without considering the conversion. Particularly
in the cases of (UYHPLC-UV-based methods, monitoring
unconverted cobalamins in trace concentrations may not be
feasible due to the low sensitivity of the detection system,
and this issue has not received adequate attention until now.

Regarding the quantitative results of meat samples deter-
mined by the conversion SIDA method, lower total B12
levels were obtained compared to the corresponding val-
ues from the previous study using the native SIDA method
(Electronic Supplementary Material Table S3). The differ-
ences between these two sets of values could be attributed
to a combination of factors, such as changes in cobalamins
during sample storage and incomplete conversions when
using the conversion SIDA method. In addition, native
cobalamins may directly degrade during the extraction
process instead of being converted to CNCbl. The internal
standard ['*N;]-CNCbl compensates for the degradation of
CNCbl, but not for the degradation of unconverted cobala-
mins. Because the conversion-related problems were only
discovered after the analysis, it is difficult to further deter-
mine the true causes. To gain further insight, the first step is
to develop a more reliable method for monitoring conversion
and to further optimize the cyanidation conversion process.

Determination of the conversion rate of the current
conversion SIDA method

To further gain insights into the conversion issue, a pork
fillet sample was analyzed using the conversion SIDA
method before and after being spiked with OHCbl (35.0
ng/g), AdoCbl (27.3 ng/g), and MeCbl (39.5 ng/g). The
spiked pork fillet sample clearly demonstrated residual
peaks of OHCbl, AdoCbl and MeCbl in the LC-MS/MS

{(x1,000,000)

chromatograms (Fig. 3), whereas the original sample did
not show any traces of unconverted cobalamins (Fig. 2). The
obtained results suggest that either the conversion process in
the pork fillet sample was dependent on the concentrations
of cobalamins or the unconverted cobalamins in the original
pork fillet sample could not be detected by the current mon-
itoring method relying on immunoaffinity purification. A
high conversion rate of 81 + 2% (n = 3) was obtained using
the equation presented in the “Determination of conversion
rate” section. This suggests that, despite errors caused by
conversion, the total B12 contents by quantification using
the cyanidation conversion method may still be within an
acceptable range. However, as the conversion rate was only
determined in one type of meat with each cobalamin spiked
at a single concentration, further conclusions about the asso-
ciated errors with cyanidation await more investigations.

Challenges for further optimization on cyanidation
conversion-based methods

In this study, the use of LC-MS/MS is an improvement over
previous methods that used less specific and sensitive ana-
lytical techniques. It allows the identification of unconverted
cobalamins and provides more information relevant for eval-
uating the performance of the method. LC-MS/MS also rep-
resents state of the art for detecting trace compounds. In the
field of vitamin analysis, cobalamins are the vitamins with
the lowest concentrations in food and should be analyzed
with LC-MS/MS, therefore. However, there are still reli-
ability issues with this approach due to the intrinsic variation
in instrument sensitivity at trace levels. Even when using
LC-MS/MS, the use of an immunoaffinity column for sam-
ple preparation is still essential. Therefore, without a further
breakthrough in improving the sensitivity of LC-MS/MS at
the instrumental level, the potential discriminatory effects
towards different vitamers could not be further resolved as
long as immunoaffinity purification is still required. It should
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Fig.3 LC-MS/MS chromatogram of a spiked pork fillet sample applying the validated conversion SIDA method. The pork fillet sample was
spiked with OHCbI (35.0 ng/g), AdoCbl (27.3 ng/g), MeCbl (39.5 ng/g), and ['°N;]-CNCbl before cyanidation
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be noted that previous (U)HPLC-UV-based methods, which
also have to rely on immunoaffinity purification, are also
affected by the potential discriminatory effects.

A reliable monitoring method is a prerequisite for further
evaluation of the performance of cyanidation conversion,
and such a method ultimately requires the elimination of
immunoaffinity columns for sample preparation. However,
this could only be achieved by using more sensitive analyti-
cal systems than the instruments that are currently available
on the market. This may be possible in the near future with
the next generation of triple quadrupole mass spectrometers.

Conclusion

The application of cyanidation conversion in combination
with SIDA, i.e., the conversion SIDA method, was employed
to investigate its efficacy for total B12 determination. The
developed and validated conversion SIDA method demon-
strated low LOD and LOQ, good recoveries, and high preci-
sion for CNCbl analysis. Comparative evaluation of the con-
version SIDA method and the native SIDA method showed
similar performance in terms of CNCbl validation results.
However, inconsistencies were observed in the completeness
of cyanidation conversion between results obtained during
the method development stage and those obtained during
subsequent application to real meat samples, highlighting
the day-to-day variability and reliability challenges associ-
ated with the conversion SIDA method.

Notably, the limitations of the conversion SIDA method
were not apparent during method validation as spiking
experiments were performed with the target analyte CNCbl.
To address these limitations, it is crucial to develop a more
reliable monitoring method that overcomes constraints
related to instrument sensitivity, stability, and the discrimi-
natory effects of immunoaffinity purification on different
vitamers. In addition, the optimization of the cyanidation
conversion process is essential. However, advances in analyt-
ical techniques are needed to overcome current limitations.

While previous B12 analytical methods commonly
employed cyanidation conversion to reduce analyte com-
plexity, increase analyte concentrations, and improve analyte
stability, the present study revealed limitations associated
with this approach. Future studies intending to employ cya-
nidation conversion should focus on achieving complete and
reproducible conversions for B12 quantification. Moreover,
regardless of the analytical system in use, routine verifica-
tion of quantitative results from cyanidation-based methods
is recommended.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-023-04860-y.
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