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ABSTRACT

A sensitive and selective method is needed to anatyseu produced vitamin
B12 in plant-based materials, potential new dietary soun€astamin B12. A
UHPLC/UV method was developed and validated for the detetion of human
active vitamin B12 in cell extracts d&¥ropionibacterium freudenreichii subsp.
shermanii and after immunoaffinity purification in extracts of cereahtrices
fermented byP. freudenreichii. An Acquity HSS T3 C18 column resulted in a
baseline separation, a calibration curve of excellent lityeand a low limit of
detection (0.075 ng/5 pL injection). As confirmed by UHPLC-Mi& active
vitamin B12 could be separated from pseudovitamin B12. Huevery of
vitamin B12 from purified spiked cereal matrices was goo8(0%; RSD < 5%).
A nutritionally relevant amount of active vitamin B12 was pratudy P.

freudenreichii in cereal malt matrices (up to 1.9 ug/100 g) in 24 h a28

Keywords:. Vitamin B12;Propionibacterium freudenreichii; fermented cereal

matrix; UHPLC; UPLC; immunoaffinity purification
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1. Introduction

Vitamin B12, one of the water-soluble vitamins, is neesetlumans and
animals for the metabolic functions of two enzymes: methylm&ooA mutase
and methionine synthase. According to Institute of Medicine (1998
recommended dietary allowance (RDA) of vitamin B12 for adsi&s4pug/day. It
is only synthesized by a few bacteria and archeae (MaBang, Warren, & Jahn,
2002). The structure of vitamin B12 consists of a corrin rirtf) wicentral cobalt
atom complexed to four pyrrole rings, a loweligand and an uppegs-ligand.
This vitamin includes three naturally occurring forms (ademoddlamin,
methylcobalamin and hydroxycobalamin) and one chemically temsfl form
(cyanocobalamin), differing only in the upper ligand. Cyanocobalatinénmost
stable form, is obtained by reacting natural vitamers w§idnide and it is the
major vitamin B12 used in fortified foods, nutritional formutedgharmaceutical
preparations (Ball, - 2006). The lower ligand of vitamin Bi2 5,6-
dimethylbenzimidazole (DMBI), which is essential for the birgdof the vitamin
to the intrinsic factor for its absorption (Nielsen, Rasranos&ndersen, Nexg, &
Moestrup, 2012). Corrinoids with lower ligands other than DME&! faund in
biological materials (Watanabe, Yabuta, Tanioka, & Bi2§13). They are
biologically inactive in humans but have vitamin activity imicroorganisms
(Herbert, 1988).

Animal-based foods such as meat, fish, eggs and dairy prodiethe
major contributors of vitamin B12 in the human diet. It isumcalated in animal
tissues or milk, primarily as a result of the gut microbietivities and feed

supplements. However, plant food materials are devoid of witdt2 (Ball,
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2006; Herbert, 1988). A low level of vitamin B12 detectedames plant products
and mushrooms probably originates from contaminating organismsoor f
vitamin uptake from soil residues (Koyyalamudi, Jeong, Cho, &P&2009).
Processed plant-based products (e.g. Tempe) have been fooodtain a low
level of vitamin B12 synthesized by the contaminating drét(Herbert, 1988;
Keuth & Bisping, 1994; Mo et al., 2013). However, most of ¢hdata were
obtained by a non-specific analytical method, i.e. microbiotdgssay (MBA),
which does not differentiate between active forms of vitafl2 and other
corrinoids.

The analysis of vitamin B12 in non-fortified foods is challeggdue to its
low concentration. The typical contents in animal-based foolks afieese, meat
and liver have been reported to be 0.9, 2(42,1and 83 ug/100 g, respectively
(Ball, 2006). Natural forms of vitamin B12 are sensitive light, therefore
analytical methods utilise cyanide during the extraction to corther natural
forms into the more stable cyanocobalamin. Vitamin B12aoud$ is traditionally
determined by MBA usind.actobacillus delbrueckii ATCC 7830 as an assay
organism, -which is also the reference analytical methodA@AC (2006).
Although'it is a sensitive technique, MBA suffers from pooedtglity and often
results in overestimation by %80% since the test organism can react to
compounds other than vitamin B12 forms, such as analogues andt ractis
(Ball, 2006). One such inactive corrinoid for humans has beentifiéd as
pseudovitamin B12, which is produced lgctobacillus reuteri CRL1098 (Santos
et al., 2007). This corrinoid has adenine instead of DMBI asotker ligand. In
meat products, vitamin B12 contents were up to 2.2-fold hightér WMBA

compared with high performance liquid chromatography (HPLC; (Shgoy,
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Risse, & Hadorn, 2012), reflecting the poor specificity of MBAareover, MBA
is labour intensive and time consuming.

HPLC based methods have been developed for the determioatiaamin
B12 in fortified foods, infant formula and vitamin supplemd@ampos-Giménez
Fontannaz, Trisconi, Kilinc, Gimenez, & Andrieux, 2008; Chen, ‘Wolf
Castanheira, & Sanches-Silva, 2010; Heudi, Kiling, Fotannakjasiey, 2006;
Marley, Mackay, & Young, 2009). Some studies have also focusedhe
qguantification of vitamin B12 in non-fortified foods such as tmpeoducts
(Guggisberg et al., 2012), and milk-based fermented produets \(Wyk & Britz,
2010). These HPLC methods were based on UV detection. Ob€ Hfethod
reported by Pakin, Bergaentzlé, Aoudé-Werner and Hasselmann (R668)
fluorescence detection after vitamin B12 was derivatised atfluorescent
compound,a-ribazole. The latter method was sensitive, but it requiradths
sample preparation time involving extensive sample derivatisa The
introduction of an immunoaffinity sample purification techniqus inaproved the
sensitivity of the HPLC measurement in fortified foods and supehts
(Campos-Giméneet al., 2008; Heudi et al., 2006; Marley et al., 2009).

However, the development of ultra-high performance liquid
chromatographic (UHPLC) technology that uses separation cotoatde up of
sub-2um particles and improved instrumentation has considerably sextehe
sensitivity and resolution of the chromatographic analysis 18wa005). To
date, one method based on UHPLC with mass spectrometric ®&jtion has
been reported for the analysis of vitamin B12 in milk dady products (Zironi,
Gazzotti, Barbarossa, Devicienti, Scardilli, & Pagliué®13). The enhanced

sensitivity offered by the UHPLC technology and the samplenalpaand
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concentrating potential of vitamin B12-specific commercial imoaffinity
columns have not yet been utilised for analysing vitamir? Bn natural or
microbiologically processed foods. Particularly, it is neaegto confirm that the
microbiologically synthesized forms are active for humansmltiefortification
is applied. Up to now, cereal matrices, which account foagmportion of the
human diet but contain no vitamin B12, have not been considereith &u
enrichment with vitamin B12 using food-grade microorganisms.

We are studyingn situ production of vitamin B12 in cereal-based matrices
using food-grade propionibacteria. Therefore, the aim of thdystas to develop
a sensitive UHPLC/UV method for the analysis of vitamih2Bin cells of
Propionibacterium and in fermented cereal matrices. The new method was
compared with MBA, and the need for immunoaffinity-basedpa purification
and confirmation of the structure of the synthesized vitamer bR LlAHMS were

explored.

2. Materials and methods

2.1. Chemicals, materials and reagents

All chemicals and reagents used were of analytical gi@oldium hydroxide,
acetic acid and the vitamin B12 assay medium were ragtafrom Merck
(Darmstadt, Germany); ethanol from Altia (Rajamaki, Finlanagetonitrile
(HPLC grade), trifluoroacetic acid (TFA) and sodium cyanidemf Sigma-
Aldrich (Steinheim, Germany); cyanocobalamin from Supelco éBeite, USA);

Tween 80 from Sigma (Aldrich, USA); andamylase (EC 232-588-1, A9857-
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5MU, Aspergillus oryzae) was from Sigma-Aldrich (Steinheim, Germany). A
certified reference material BCR 487 (lyophilised pigtivinstitute for Reference
Materials and Measurements, Geel, Belgium) was bought fromaSgjdrich.
Water (later, MilliQ water) used for the preparatiorredigents and analyses was
obtained from a Milli-Q Plus system (0.22m, > 18.2 MQ cm, Millipore
Corporation, Bedford, MA, USA).

Cyanocobalamin stock solution (20Qg/mL) was prepared in 25%
ethanol/MilliQ water and the concentration was measureal $pectrophotometer
(Lambda 25 UV/Vis, Perkin Elmer Inc., USA) at 361 nm, asdesd by Indyk,

Persson, Caselunghe, Moberg, Filonzi and Woollard (2002).

2.2. Vitamin B12 extraction

The protocol for vitamin B12 extraction (as cyanocobalamin) frompéa
matrices was adopted from Kelleher and Broin (1991) for plasm@lea with
some modifications. Cereal matrix (1-5 g), bacterial pellet (0.1-0.2 g) or pig
liver (0.1 g) weighed in an extraction tube was vortew&ti 10 mL buffer (8.3
mM sodium hydroxide and 20.7 mM acetic acid; pH 4.5) containing 100 puL 1%
sodium cyanide and placed in a boiling water bath for 30 nfia.Samples were
then ice-cooled and centrifuged (Hermiiéghingen, Germanygt 6900 x g for 10
min. The supernatant was collected in a fresh tube. Thdueegpellet was
vortexed once again with 5 mL buffer (pH 6.2, adjusted frompthet.5 buffer
with 3% sodium hydroxide) and centrifuged. The supernatants weneirmed
and the pH was adjusted to 6.2. The extract was then plperd (@ 90 mm,

VWR, Leuven, Belgium) and the volume was adjusted to 25with pH 6.2
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buffer. To ease the filtration of extracts for immunoaffingyrification, the
cereal-based samples were treated with 1 mé-afmylase solution (50 mg/mL)
(37 °C; 30 min) to digest the starch before the boilingewextraction (Marley et
al., 2009). All the analytical processes were carried outrusuledued light or
were protected from direct light. The vitamin B12 contenthef cereal matrices
was expressed in terms of fresh weight (ng/g matrix) andotheglls per unit

volume fermented medium (ng/mL).

2.3. Immunoaffinity purification for UHPLC quantification

The sample clean-up in the immunoaffinity column “Easy-Et®a (R-
Biopharma, Glasgow, Scotland) was carried out according to émeifacturer’s
instructions. Briefly, the buffer in the immunoaffinity colummas drained, after
which 10715 mL of the filtered (0.45 um, Pall, Cornwall, UK) gale extract
was loaded into the column. The column was washed withLLOfivilliQ water
and 50 mL of air was applied. Vitamin B12 was then elutath 3 mL of
methanol and the elution was completed with an additional 0.5 nmhetfianol.
The eluate was evaporated at 50 °C under a stream of niteogethe residue
was reconstituted in 3Q€L of MilliQ water, which was then syringe filtered 20.

um, Pall, Cornwall, UK) to a Waters total recovery UPL&l.v

2.4. Ultra-high performance liquid chromatography (UHPLC)

2.4.1. UHPLC system
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The chromatographic analysis was performed on a Waters AddRityC
system (Milford, MA, USA) equipped with a photodiode array dete(@DA,;
210-600 nm). In addition, it consisted of a binary solvent mapagevsampler
and column manager. The detection was performed at 361 ntheuadsorption
spectra were recorded by the PDA. The autosampler wasamauhtat £C and
the column was operated at 3D. The autosampler injected the sample solutions
(2-15puL) onto a column via a 20L injection loop operated in a partial-loop
mode. Chromatographic data were collected and processed usinWatees

Empower 2 software.

2.4.2. Method optimisation and validation

Two reversed-phase C18 columns, high-strength silica T3 (H®8)
ethylene bridged hybrid (BEH) from Waters (Milford, MA, USA) similar
dimensions (2.1 x 100 mm; 148m and 1.7um particles, respectively) were
evaluated for the separation of vitamin B12 from sample estré set of flow
rates (0.3210.50 mL/min) was tested in a linear gradient mode of niubile
phase consisting of MilliQ water (solvent A) and acetonitfdelvent B); each
modified with 0.025% TFA. Finally, the following mobile phageadients
(solvent A: solvent B) were maintained during a 10-min ru0.B® min (95:5);
0.5-5 min (60:40); 5—6 min (60:40); and 6—10 min a linear gradiemt §0:40 to
95:5 for equilibration. A calibration curve was produced in eachpée set from
six cyanocobalamin standards with the vitamin concentratéorging from
0.01510.75 ng/uL; each standard solution was injected twice. The

chromatographic method was assessed for the linearity afattiation curve,



226  limit of detection (LOD: signal-to-noise ratio, S/IN= &nd limit of quantitation
227  (LOQ: 3 times the LOD) of vitamin B12 using the cyanocabah standard
228 solutions. The resolution (calculated according to the formutaghe US
229  Pharmacopeia; USP) for the separation of cyanocobalamimiplesaxtracts and
230 the number of theoretical plates (USP) for each column wengpared. LOD,
231 resolution and number of theoretical plates were obtained thighWaters
232 Empower 2 software.

233

234  2.5. UHPLC-MSMSanalysis

235

236 The mobile phase was modified with 0.5% formic acid instefad.025%
237  TFA for the UHPLC-MS study to minimise the ion suppressidre MS analysis
238 was carried out in a positive ion mode on an Esquire-LC quadrigrokrap mass
239  spectrometer with an electrospray ionization (ESI) interfé@ruker Daltonics,
240 Bremen, Germany) and the data were analysed by the LIG-M&p version 5.2
241  (Bruker Daltonics). The scanning was carried out for a rafge/2900711400
242  and the tandem mass spectrometry (MS/MS) was perfororea particulam/z
243 according to the target molecule(s) using helium as thesiooiligas. The
244  following instrumental settings optimised for cyanocobalaminewesed for the
245 MS analysis of cyanocobalamin ([M+Hiwz 1356) and pseudovitamin B12
246.  ([M+H]" m/z 1345) in sample extracts: nebulizer (nitrogen) 50.0 psi, dry gas
247  (nitrogen) 8.0 L/min, dry temperature 300 °C, capillary 450@M plate offset
248  -250 V and trap drive 84.

249

250  2.6. Microbiological assay
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The MBA was performed on a 96—well microtiter plate (Cornkyg, USA)
based on Kelleher and Broin (1991) usinglelbrueckii ATCC 7830 as an assay
organism and cyanocobalamin as a calibrant. The sample extnsrts
appropriately diluted at two levels with the extraction buffet 6.2). A certified
reference material BCR 487 (pig liver) extract served asference sample in
each set of samples. A blank extract was used to obtaacthal readings of the
samples. Cyanocobalamin solutions of increasing concentrati8mp(well) and
sample extracts, both 1@Q, were inoculated into the wells of the microtiter plate
(4 wells for each concentration), and 260 of freshly prepared sterile filtered
vitamin B12 assay medium (pH 6.2) inoculated with the cesgnved assay
organism was introduced into each well. The plate was thewmbated at an
optimised condition (35 °C; 19 h) and the turbidity was measurtddavinicro-
plate reader (Multiskan EX; Labsystems, Finland) at 595Axgualibration curve
of 8 concentration levels and the amount of vitamin B12 irh esell were

obtained automatically by Ascent software version 2abélystems).

2.7. Recovery study

Since natural cereal matrices do not contain vitamin B uhfermented
rye malt matrix (from Section 2.8.) was used as a btaakix for the recovery
study. The sample matrix (1.5 g) was spiked with cyanocotialat two levels
(17.7 ng and 53.1 ng), each level in triplicate, and vitadi2 was extracted and
analysed by MBA directly and by UHPLC after immunoaffinity ipcation, as

explained earlier. The repeatability was shown by carrgungtwo independent

11
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experiments on two days. To test the effect of the samaiexnthe recovery was
also studied in the extraction buffer with the lower levesiking (17.7 ng). The
recovery was calculated from the measured cyanocobalamierdegiion in the

spiked samples to the concentration of added cyanocobalathia samples.

2.8. Bacterial culture and fermentation of sample matrices

Propionibacteria capable of vitamin B12 synthesis and allowedd®erin
food production are mostly used in cheese manufacturing and imdbstrial
production of vitamin B12 with genetically engineered strainsgffji Deutsch,
Falentin, Dalmasso, Cousin, & Jan, 2011). For this study, rainstof
Propionibacterium freudenreichii subspshermanii (P. freudenreichii ABM 5378)
isolated from a cheese starter culture was used fgordduction of vitamin B12
in the sample matrices.

Malt matrices: The fermented cereal samples were prddicetudy the
suitability of the developed method; the fermentation conditissesd were not
optimised for vitamin B12 production. Rye and barley malt flours nbthiby
milling malted grains (Laihian Mallas, Laihia, Finland) reeseparately mixed in
boiling MilliQ water (33% w/v) and cooked for 2 min. The a@ised matrices
were transferred to glass flasks and then autoclavd@1atC for 15 min. The
culture preparation and fermentation of the matrices waréed out as described
by Kariluoto et al. (2010). Briefly, the cooled matrices weaseptically
transferred into pre-sterilised flasks and a culturB.dfeudenreichii ABM 5378
was inoculated. The matrices were allowed to ferment 8€28r 24 h. After the

incubation, the cell counts (CFU/g) had increased by a kdgrfan both matrices

12
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while pH had decreased from 5.6 to 5.3 in the rye matnd 5.4 to 5.2 in the
barley matrix. Likewise, an aqueous barley malt extraas iermented with
unidentified strains of bacteria producing lactic and propionidsaand then
concentrated.

Supplemented whey permeate (SWP):freudenreichii ABM 5378 was
grown in the SWP medium anaerobically for 72 h and thesba=lly for 96 h at
30 °C (Hugenschmidt, Schwenninger, Gnehm, & Lacroix, 2010). Chebeg
powder (Valio, Espoo, Finland) was used instead of whey permeaiger, as in
the study of Hugenschmidt et al. (2010), and the medium was suppbehveitt
5 mg/L cobalt(ll) chloride (Sigma-Aldrich). The fermentedthrwas centrifuged
(112000 x g;10 min), the resulting cell pellet was re-suspend&@d imL of pH 7.3
PBS buffer (Oxoid, Hampshire, England) and centrifuged again.frésa cell
mass obtained was stored-a0 °C until the analysis.

2.9. Satistical analysis

All the statistical analyses were performed using IBMSSP20.0 (IBM
Corporation, NY, USA). Average, standard deviation (SD) meatative standard
deviation (RSD) are reported. One-way analysis of varighs®©VA) and Tukey
post hoc test were performed to compare between respélitireC and MBA

results. Ap value of < 0.05 was considered statistically significhfierent.

3. Results and Discussion

3. 1. UHPLC method optimisation and validation

13



325 Gradient elution of the mobile phase consisting of water antbratée
326 modified with 0.025% TFA at a flow rate of 0.32 mL/min was fouo be
327 optimal for vitamin B12 separation on both the HSS T3 and B&dHnm. A
328 higher flow rate (0.47 mL/min) resulted in a co-elution oéiféring compounds
329 in the sample extracts. Owen, Lee, and Grissom (2011)tbheeshme flow rate
330 and the mobile phase gradient for the separation of physicbofialamins from
331  samples of cell culture media by a BEH C18 column.. Apgracyanocobalamin
332 peak was produced by the HSS column than that by the BEH columfobdtie
333 standard solution and for the sample extracts (Figure 1). hEight of the
334 cyanocobalamin peak for an equal volume of the injected sangdeabout 1.4-
335 fold on the HSS column compared to that on the BEH colurhe. Aiumber of
336 theoretical plates of the HSS column was greater by a fat@b, as evidenced
337 by a narrower and a sharper peak on the HSS column. Furtleem@nioigher USP
338 peak resolution (1.80) was obtained with the HSS column than thvit BEH
339  column (1.10) under.identical elution conditions (Fig. 1). In aoldjtco-elution
340 of an interfering compound was observed for the extract3. dfeudenreichii
341 cells leading to the tailing of the peak on the BEH columwhgreas the
342 cyanocobalamin peak was well separated on the HSS column. dreetbe HSS
343 T3 C18 column was chosen for the validation and the asabysiitamin B12 in

344 sample matrices.

345

346 Fig. 1

347

348 The retention time of cyanocobalamin was stable during the asalyse

349 irrespective of the sample matrices. The 30-day aveartgation time was 3.27

14
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min with a narrow change from 3.25 to 3.29 min over the spehod. The
UHPLC analysis was faster with a total run time of ifi compared with over 30
min that was required for the HPLC methods (Heudi et al., 20@8ley et al.,
2009). An external calibration curve of excellent linearity (R 0.999) was
achieved by injecting a series of cyanocobalamin standéutans (0.015/0.75
ngiuL). The instrumental LOD and LOQ were 0.075ing/and 0.225 ngpj,
respectively, for a 5 pL injection. Previous HPLC/UV methoatsulted in higher
LODs at the larger injection volumes: 1.5 ing{50-100uL) (Guggisberg et al.,
2012; Marley et al., 2009) and 3—-3.3img{100uL) (Chen et al., 2010; Heudi et
al., 2006). The enhanced sensitivity allowed for the analydls small samples
(< 5 g), unlike the bulk quantity needed for HPLC analysis (Carosnez et
al., 2008; Guggisberg et al., 2012); thus minimising the matratadl
interference. Moreover, HPLC methods have mostly been aj@elfor fortified
foods and supplements for measuring added cyanocobalamin, kst desater

than those normally found in foods.

Tablel

The accuracy of the UHPLC method was studied by determittiag
recovery of spiked cyanocobalamin from a rye malt matrow Llevels were
chosen to cover concentrations that are possible in the ferneareal matrices.
The added levels were still too low to be detected WtHPLC without
purification of the extracts. On the other hand, the use$slrof the additional
purification and enrichment on the immunoaffinity columns was demaiadtby

the good recoveries at both levels. The mean inter-day nmgcowé

15
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cyanocobalamin by UHPLC/UV was about 95% with a relative stardiasgtion
(RSD) of < 5.0%, for both levels (Table 1). The cerealrimalid not affect the
recovery of the cyanocobalamin, as evident from a simdaovery obtained in
the extraction buffer. Equivalent recoveries of spiked concemtsativere also
obtained by the MBA{ > 0.05; Table 1). Recently, the HPLC determination of
vitamin B12 in complex fortified foods was improved with thgplécation of an
immunoaffinity sample purification and enrichment column (Hewdilg 2006),
and then successfully validated in further studies (Car@wgnezet al., 2008;
Marley et al., 2009). In these earlier studies, a good regavas also obtained
for cyanocobalamin; however, much higher spiking concentratiome wsed.
Interestingly, Marley et al. (2009) found that the affinity ather vitamin B12
forms to antibodies was lower; e.g. hydroxycobalamin was reedwanly up to
75%, suggesting the benefit of converting natural forms intaary@balamin for
the accurate determination of vitamin B12.

For BCR 487, a vitamin B12 content of 876 ng/g of dm (dry mattas
obtained by the UHPLC analysis, whereas the MBA resulteda ihigher
concentration (1056+80 ng/g of dm) (Table 2). The latter wasreeatent with
the certified reference value (1120+90 ng/g of dm). The UHPLternned
content was 83% of the MBA resuft € 0.05; Table 2); the difference could be
due to the non-specificity of MBA. The certified vitamin Bi2lue of BCR 487
is based on the data obtained with the MBA. To our knowlethi® jg the first
report of the chromatographically analysed vitamin B12 conteBGR 487. A
locally lyophilised pig liver sample analysed with HPLGeafimmunoaffinity
purification had a vitamin B12 content of only 59656 ng/g (Guggisberg et al.,

2012). Distribution of corrinoids in pig liver has not been suidie detail.
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400 However, Kelly, Gruner, Furlong and Sykes (2006) investigatednoafs in
401 lamb tissues, including the liver, by HPLC. Contrary to pesireports that
402  corrinoids in the lamb liver were exclusively vitamin B1Bese authors found
403 quite a marked fraction of the total corrinoids (up to 30%) itsmvn B12
404 analogues.

405

406 Table2

407

408  3.2. UHPLC analysis of vitamin B12 in cells and fermented cereal matrices

409

410 Figure 2 shows example chromatograms with and without the
411  immunoaffinity clean-up for extracts of cells, pig livepiked rye malt matrix and
412 fermented rye malt matrix. Without the immunoaffinity puation, a higher
413  chromatographic background was obtained for the pig liver andetheented
414 malt matrices while ~a cleaner chromatogram with a wsaflarated
415 cyanocobalamin peak (retaining at 3.27 min) was observed forethextract.
416 Besides the matrix effect on separation, another disdagya was that the
417  concentration of cyanocobalamin in these extracts was lobelow the LOD
418  (0.075 ng/5 pL injection). The immunoaffinity purified extrapteduced a well-
419 separated peak with none or little background interference, dématoms the
420. usefulness of the immunoaffinity clean-up for the analysisoof levels of
421 vitamin B12 in the complex matrices. Guggisberg et al. (20&pprted its
422  applicability for the analysis of vitamin B12 in meat andatm@roducts.
423  Nevertheless, analysis of the matrices such as mi¢roddia, containing a higher

424  level of vitamin B12, did not require the immunoaffinity pwdiion. Therefore,
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especially with the immunoaffinity purification this methoduld also be
applicable for other matrices. Separate validation foh eaaterial however is
needed.

Fig. 2

The corrinoid in the cell extract, the immunoaffinity purifiedmented malt
matrices and the pig liver eluted at the retention timehef cyanocobalamin
standard (Fig. 2) and had a PDA spectrum (@ nm)_ identical to that of
cyanocobalamin (Fig. 3). Furthermore, the UHPLC-MS/MS aralgsiealed that
the fragmentation profile of the corrinoid for the/z of 1356, [M+H] of
cyanocobalamin, was similar to that of the cyanocobalataindard, as shown in
the example mass spectra (Figs. 4A; 4B). The following miggmentation
products of cyanocobalamin, as explained by Carkeet et al. (200&hana in
Figure 4A, were observed:m/z 1210 [M+H-DMBI]"; m/z 1124
[M+H-DMBI-CN-Co]"; m/z 997 [M+H-DMBI-sugarPO3] and mvz 912
[M+H-DMBI-sugarPO3-CN-Co]". These observations confirmed that the
lower ligand of the corrinoid in the sample extracts wabIBD as in
cyanocobalamin, which is critical for the binding of the Blfamier to the
intrinsic factor to make it bioavailable for humans (Nialgeasmussen, Andersen,

Nex@, & Moestrup, 2012).

Fig. 3

Fig. 4
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The UHPLC analysis d?. freudenreichii cells obtained from the fermented
SWP accounted for a vitamin B12 production of 620 ng/mL. Istualy by
Hugenschmidt et al. (2010), 37 screened freudenreichii strains produced
vitamin B12 of approximately 100 to 2500 ng/mL in SWP with adddzalt and
DMBI, showing an inter-strain diversity of vitamin Bl2nslgesis. In our study,
the medium was not supplemented with DMBI. Thus, DMBI -had to be
synthesized by the bacteria from the substrate in the SWRhwnight have
limited the vitamin B12 production.

To the best of our knowledge, we are the first to repormitaB12in situ
production in cereal matrices with propionibacteria and itsyaisaby UHPLC.
The vitamin B12 content of th. freudenreichii fermented rye and barley malt
matrices measured with the UHPLC was 19.3 ng/g and 15g7ohdvesh weight,
respectively (Table 2). On the other hand, the UHPLC arsabfsihe fermented
malt extract after the immunoaffinity purification revealed peak in the
chromatogram at 3.22° min (Fig. 3A), i.e., before the t&entime of
cyanocobalamin ' (3.27 min) from the standard solution and the immuntyaffini
purified pig liver extract (Figs. 3B; 3C). Its PDA spectr#i0 600 nm) was,
however, similar to that of cyanocobalamin. This peak, whiak not seen in the
chromatograms of any other analysed samples, was suggastdme of
pseudovitamin B12 with adenine as its lower ligand. It is araod known to be
present in biological materials (Watanabe et al., 2013) asdbeen recently
characterised irL. reuteri CRL1098 (Santos et al., 2007). When the sample
extract was analysed by MS/MS for vz of 1356, [M+H] of cyanocobalamin,
no fragment ions characteristic of cyanocobalamin were obdeitowever, a

fragmentation profile identical to the cyanocobalamin stahelas obtained by

19



475  the MS/MS for amvz of 1345, [M+H] of pseudovitamin B12 (Fig. 4@vz 1210
476  [M+H-adenine]; m/z 1124  [M+H-adenineCN-Co]; miz 997
477  [M+H-adeninesugarPO3] andm/z 912 [M+H-adeninesugarPO3-CN-Co]".
478  The similar fragment ions obtained for thez of 1345 with that for then/z of
479 1356 confirmed that the molecule had a structure otherwiselasirto
480 cyanocobalamin, but a different lower ligand: adenine in pda&aMVBI.

481

482  3.3. Comparison between UHPLC analysis and MBA

483

484 The MBA results of thé>. freudenreichii cells were similar to the UHPLC
485 derived results, whereas analysis of the certified eafsr pig liver (BCR 487)
486  resulted in a 17% higher vitamin B12 content by the MBA (T2hld he vitamin
487 B12 contents determined by the UHPLC were 67% and 63% of th& fd&ults
488  for the fermented rye and barley matrices, respectivedplé 2). For the malt
489  extract fermented with bacteria producing lactic and propiondsam detectable
490 level of cyanocobalamin was found by the UHPLC method in ashto 1200
491 ng/g of vitamin B12 measured by the MBA. These samplefipeifferences of
492  the vitamin B12 contents when measured by the MBA or UHPlethad could
493  bhe due to the inherent drawbacks associated with the MBA.

494 The MBA has been the golden standard method allowing for the
495  determination of low levels of vitamin B12 in foods and biolagimaterials.
496  However, it has been reported to give higher vitamin Bl@lteeghan HPLC in
497  biological and fermented materials. The higher resultgassible, as the assay
498 organism also responds to corrinoids that are inactive for tmaime.g.

499  pseudovitamin B12 and nucleic acids (Ball, 2006; Herbert, 1988kl et al.,
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2002). These inactive corrinoids were reported in ovine tigKedly et al., 2006)
and may also be synthesized by microorganisms (Herbert, 1983)ding
propionibacteria. Quesada-Chanto et al. (1998) analysed vitah@innBhe cells
of three strains of propionibacteria by an HPLC method and two
spectrophotometric methods. Vitamin B12 was only detected lis oé P.
freudenreichii with HPLC, whereas vitamin B12 analogues with retentioret
different than authentic vitamin B12 were observed in téks cof other two
strains. However, one straproduced authentic vitamin B12 when the culture
medium was supplemented with DMBI. On the other hand, soatertzaproduce
only inactive corrinoids even in the presence of DMBI.reuteri CRL1098
produced pseudovitamin B12 exclusively in a growth medium supplechenth
and without DMBI under anaerobic conditions (Santos et al., 2007).
Campos-Giménez et al. (2008) noticed a 20-30% higher vitamin B12
content in milk-based infant cereals and soy-based fortifiechula by MBA
compared to HPLC. Poor selectivity of the MBA was furtlséown in the
analysis of spirulina tablets and shellfish where the MBgults were up to 6-8-
fold higher than concentrations determined by a specifiingit factor based
chemiluminescence method (Watanabe, Takenaka, Abe, Tamufdak&no,
1998). The majority of the measured vitamin B12 may thus baea inactive

corrinoids.

4. Conclusion

The developed UHPLC/UV method enabled sensitive and specific

guantitation of the vitamin B12 content in microbial cells, enférmented cereal
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matrices after purification on immunoaffinity columns. Thisthod allowed for
the selective determination of bioactive vitamin B12, thlimieating the
possibility of measuring inactive corrinoids as in the MBAeGsuch analogue,
pseudovitamin B12, was identified and confirmed in a matlaekfermented by
bacteria producing lactic and propionic acids. A nutritionallyvaei amount: of
active vitamin B12 was produced W freudenreichii in rye and barley malt
matrices. The LC-MS is a useful tool for the identificatmnin situ produced
bioactive vitamin B12 from inactive corrinoids in food matsicer microbial

materials.
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Figure captions:

Fig. 1. Chromatograms showing the separation characteristics 6f38eT3 and
BEH C18 columns (2.1 mm x 100 mm, 1.8 and 1.7 um particles) f
cyanocobalamin from standard solution (0.15uhy/ an immunoaffinity purified
extract of BCR 487 (lyophilised pig liver) and an extractPoffreudenreichii
cells. The injection volume, flow rate, column temperatme: @obile phase were
identical. 1 = cyanocobalamin peak on HSS column, 2 = cyan@sobepeak on

BEH column.

Fig. 2. Chromatograms of unpurified and immunoaffinity purified extradts o
BCR 487 pig liver, cyanocobalamin-spiked control rye malt ma&rmented rye
malt matrix and cells oP. freudenreichii. The cyanocobalamin concentration
(ngiuL) of the purified extract of pig liver, spiked matrix, fegnted rye malt
matrix and cells were 0.166, 0.034, 0.037, and 0.180, resglgciThe injection

volume was 1@L. 1 = cyanocobalamin peak (retention time: 3.27 min).

Fig. 3. Chromatograms of immunoaffinity purified extracts of malktract
fermented with bacteria producing lactic and propionic acids, (R)
freudenreichii fermented rye malt matrix (B) and cyanocobalamin standard

solution (C). ¢ = retention time.

Fig. 4. UHPLC-MS/MS spectra of anm/z [M+H]® of 1356 for the
cyanocobalamin standard (A) and the corrinoid in the immunoaffputyfied

extract of the fermented barley malt matrix (B), and ofrén[M+H]" of 1345
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(pseudovitamin B12) for immunoaffinity purified malt extraerrhented with

bacteria producing lactic and propionic acids (C).

Table captions:

Table 1. Recovery of cyanocobalamin by UHPLC/UV from immunoaffinity
purified extracts of the spiked unfermented rye malt imgtt.5 g) and the
microbiological assay (MBA) of the extracts without purifioa (n = 3; for both

days).

Table 2. Vitamin B12 contents of certified reference material BAR7
(lyophilised pig liver),P.-freudenreichii fermented cereal matrices (28 °C; 24 h),
cell mass fronP. freudenreichii fermented supplemented whey permeate (SWP)
(30 °C; 168 h) and concentrated malt extract fermented wittetia producing

lactic and propionic acids determined by UHPLC and MBA.
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Spiked amount

Sample Recovery, % (RSD, %)

(ng)
Day 1 Day 2
UHPLC MBA UHPLC MBA
0.0 ND ND ND ND
Rye malt matrix 17.7 97.2 (3.1)° 95.0 (0.9)°  93.8(5.3)* 98.2 (4.3)°
53.1 96.8 (2.4)° 94.8 (3.7)* 91.2(25)" 96.1(5.7)°
Extraction Buffer 17.7 94.6 (1.0)* 92.7 (5.7)%* 97.4(L.9) NA

ND = Not detected
NA = Not analysed

Values with dissimilar superscript letters (a and b) along each row indicate significant difference (p
<0.05).



sample UHPLC MBA UHPLC/MBA,
(ng/g) (ng/g) %

BCR 487 pig liver (n = 8) 876 (x49)™ 1056 (+80)" 82.9

Fermented rye malt matrix (n = 2 x 2)* 19.3 (£1.5)* 28.8 (+2.4)° 67.0

Fermented barley malt matrix (n =2 x 2)t 157 (x2.4)*  25.0 (+2.3)° 62.8

Cell mass (from fermented SWP) 620 (+90)* 650 (+60)* 95.4

(n=3) (ng/mL) (ng/mL)

Concentrated fermented malt extract ND 1196 + 56 )

(n=3)

Values are means + SD

Values with different superscript letters (a and b) along the row indicate significant difference (p < 0.05)

*Dry matter basis

tBiological replicates = 2 and analytical replicates = 2
*Expressed per unit volume fermented medium

ND = Not detected

SWP = supplemented whey permeate

The certified value for BCR 487 was 1120190 ng/g of dry matter.
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A sensitive UHPLC/UV method was developed for the analysis of vitamin
B12.

The method was suitable for analysing microbial cells and fermented
cereal matrices.

Immunoaffinity purification enabled analysis of vitamin B12 in fermented
cereal matrices.

Active vitamin B12 was produced in cells and cereal matrices by P.
freudenreichii.

Pseudovitamin B12 could be separated and further identified with
UHPLC-MS.



