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Biomolecular interaction analysis was evaluated for
the automated determination of vitamin B12in a
range of foods. The analytical technique was config-
ured as a biosensor-based, nonlabeled inhibition
protein-binding assay using nonintrinsic R-protein.
Sample extraction conditions were optimized, and
both ligand specificity and nonspecific binding con-
siderations were evaluated. Performance parameters
included a quantitation range of 0.08-2.40 ng/mL, re-
coveries of 89-106%, agreement against assigned
reference values for 3 independent certified food
reference materials, and a mean between-laboratory
reproducibility relative standard deviation of 4.9%.
The proposed method was compared with reference
microbiological and radioisotope protein-binding
methods for a range of food samples. A wide selec-
tion of milks, infant formulas, meats, and liver were
evaluated for their vitamin B1, content. The influ-
ence of season was studied in herd milk, early lacta-
tion was followed for a single animal, and the
cobalamin content of bovine, caprine, and ovine
milks was compared.

itamin By, (Chl) is an important cofector for
3 cobalamin-dependent enzymes involved in red blood
cdl synthesis, fatty acid metabolism, and mediation of
folate availability. Specificdly, the most sSgnificant coenzyme
functions ae involved with methionine synthase,
methylmalonyl-CoA mutase, and a ribonucleotide reductase (1).
Clinical indicators of deficiency include pernicious anaemia
and neurological pathologies. Vitamin B, refers generically
to the cobalt-containing cobalamins with vitamin activity and
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excludes nonactive cobinamide analogs, which may also be
present in certain foods and tissues.

The predominant forms of cobalamin present in mammalian
milk, animdl tissues, and most foods include hydroxocobaamin
(OH-Chl), the 2 coenzyme forms, methylcobalamin (Me-Chl)
and adenosylcobaamin (Ado-Chl), and the nonnaturally occur-
ring cyanocobaamin (CN-Chl) used for food supplementation.
Although Chl analogs predominate over Chl in the aimentary
tract of ruminantsand in materna plasma, they occur inmilk and
animdl tissues only in traces, and the naturally occurring vitamin
is protein bound in al mammdian milks (2). A recent Chl
speciation study confirmed the absence of Chl analogs in milk
and noted that secretory mechanisms by which gastric intrinsic
factor-, serum transcobalamin-, or sdivary haptocorrin-bound
Chl is absorbed via specific mammary gland receptors and ulti-
mately expressed in milk, remain largely speculative (3). Meat
and anima organ tissue, especidly liver, are excdlent dietary
sources of vitamin B, with Chl originating from intestina flora
and coprophagy in the case of herbivorousanimals (4). Although
several shdlfish species and fermented foods contain substantial
levels of inactive Chl analogs, they do not occur to a significant
extent in foods normally consumed by humans (5, 6).

Extraction is a critica factor and may influence results even
more than analytical measurement technique. Thisis principally
aconsequence of the variable extent of protein binding, the exis-
tence of multiple vitamers, and their relative stabilities. Extrac-
tion protocols are generdly designed to liberate protein-bound
endogenous cobaamins present in foods and convert them to the
stable CN-Chl by heeting at [1L.00CC in mildly acidic buffer con-
taining excess cyanide. Because OH-Chl, CN-Chl, and Ado-Chl
are reportedly converted into dicyanocobaamin (diCN-Chl)
with excess cyanide, while Me-Chl remains unchanged, the ap-
propriateness of utilizing CN-Chl as a cdibrant during determi-
nation has been considered (7).

Analytica techniques for evaluating either clinical status
or food content are generally based on traditional microbio-
logica assay (MBA), competitive protein-binding assay
(PBA), or less commonly, liquid chromatography (LC). In
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Figure 1. Sensorgram of vitamin B12 standard
(0.08 ng/mL). ARU = relative response.

comparison to rational chromatographic methods, biospecific
techniques are arguably empirical in nature, where the value
determined is influenced by the specificity of the detecting
species. There areissueswith the assay of vitamin B, content
in certain foods, and it has been estimated that 5-20% of re-
ported B, content may be biologicaly inactive
corrinoids(1, 8). MBA of vitamin B,-dependent microorgan-
isms is the most sensitive technique available and has been
widely used for determining Chl content of milk, formula, and
foods, despite its recognized lengthy and manipulative attrib-
utesand relatively poor precision (8-12). In addition, issues of
specificity exist, because the commonly used Lactobacillus
delbrueckii can use both vitamin By, and inactive pu-
rine-substituted cobalamin anal ogues (except cobinamide), as
well as thymidine and deoxyribonucleosides (4, 6, 13).

Radioisotope-PBA techniques (RPBA; aso described asra
dioisotope dilution assay) have largely met the need for repid
andysis of clinical samples and have been gpplied to various
milks, foods, and dietary supplements (7, 10, 14-17). The assay
isbased on competition for aB, specific ligand (intrinsic factor,
nonintringc factor, or transcobalamin-11) with high affinity for
the vitamin (Kp: 10°°-1071°M). In view of earlier reported evi-
dence of the unrdiability of PBA attributed to either variable re-
sponse, nonspecific  binding or metabalically inactive
cobaamins, the pecificity of the binding proteiniscritical to the
accuracy of the technique, and a purified intrinsc factor is now
usualy recommended (4, 6). Direct comparisons between radio-
isotope-PBA and MBA have shown variable, yet comparable
correlations in several studies provided rigorous extraction
schemes are used, athough the relative substrate specificity be-
tweenintrinsic factor and L. delbrueckii isdoubtlessasignificant
factor (6, 8, 10, 11, 14). Homogeneous enzyme-linked PBA (18)
and heterogeneous enzyme-linked 96-well microtiter plate PBA
techniques have adso been reported for vitamin By, with
nonintrindc R-protein as Chl ligand (19, 20). Although the
haptocorrin R-protein binds dl corrinoids (cobaamins and inac-
tive andlogs) compared to intringic factor (only cobaamins), itis
appropriatefor CN-Chl fortified foods and exhibits greater solu-

tion stahility than intrinsic factor (18, 20, 21). More recently, a
fluorescence-PBA assay (22) and chemiluminescence sys
tem (5) have been described. Immunoassay techniques, a-
though feasible, have been limited because of difficulties in
generating hapten-specific By,-active antibodies.

L C remains somewhat limited for the determination of en-
dogenousvitamin B4, infoods, primarily dueto alack of spec-
ificity and sengitivity and the difficulty in accounting for al
potentially bioactive forms present. Nevertheless, direct LC
determination has been reported for infant milks (23),
milk (24), and fatty foods (25), while combined
LC-radioassay has been more commonly advocated for the
speciation of cobalaminsin milk (3, 26).

Recent developments in affinity-based immunosensor
techniques exploit the potential for analyte detection in foods
through coupling of the antibody—antigen interaction via opti-
cal, piezoelectric, or electrochemical signa transducer (27).
The development of any immunosensor requiresimmobiliza-
tion of either antibody or antigen to the transducer surface, of-
ten fabricated with agold support layer. Biomolecular interac-
tion analysis (BIA) is a biosensor-based technique and its
generd principles have been reviewed (28, 29). It involvesthe
continuous, nonlabeled monitoring of a sensor-bound,
ligand—analyte interaction via surface plasmon resonance
(SPR) optics. To date, instrumentation configured with angu-
lar SPR optics has been used predominantly for estimating the
binding kinetics, affinities, and structure—activity correlations
of biomolecular interactions, but has also been increasingly
applied to quantitative immunoassay of food components.
Generally, immobilization is achieved covalently via a flexi-
ble hydrophilic carboxymethyldextran polymer linked to an
akylthiol-modified gold surface (CM5 sensor chip), thereby
facilitating multiple regeneration of the biospecific ligand. At-
tributes of thistechnique have been reported for the analysis of
toxins (30, 31), antibiotics (32, 33), and antimicrobials (34),
while its multidimensiona potential has been described for
BIA-mass spectrometry (MS; 35) and LC-SPR (36).

Whereas the detection of high molecular mass anaytes
(>2 kDa) is facile by direct SPR, which is sengitive to both
mass and refractive index changes at a sensor surface, low
molecular mass compounds cannot be determined inthe direct
mode with the sensitivity and precision required for concen-
tration analysis (37). Alternative optical techniques, such as
reflectometric interference spectroscopy and flow injection
absorptiometry, have been recently applied to the direct and
nonlabeled detection of such low mass analytes (38, 39).

The routine, automated application of BIA-SPR using
monoclonal antibodiesin an indirect, inhibition assay format,
has been described for determination of low molecular mass
folic acid in supplemented foods (40) and both biotin and fo-
late in milk and infant formula (41). The high affinity and
specificity of Cbl binding proteins may also be exploited with
thisinstrumental technique and a nonlabeled, inhibition PBA
developed for the assay of vitamin B4, in milk, formula, and
foods. In view of its potential for routine compliance and nu-
tritional 1abeling, the technique was evaluated with reference
to conventional methods and results are reported. The influ-
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ence of season and lactation on the vitamin B, content of bo-
vine milk from extensively grazed herds was also evaluated.

Experimental
Apparatus

(a) BiacoreQ™.—Biacore AB, Uppsala, Sweden.

(b) Autoclave—121[C, 15 psi.

(©) Autodavable vials—30 mL, disposable, with screw-capped
lids.

(d) Graduated glass Kimax tubes—25 mL.

(e) Millex-GS syringe filters—0.22 Om (Millipore, Bed-
ford, MA).

(f) Leuer-tipped plastic syringes—5 mL, disposable.

(g) Volumetric flasks—10-1000 mL.

(h) Variablevolumemicropipets—10-100 and 100-1000 L.

(i) Brown vials, with teflon screw caps—21.8 mL.

Reagents

(a) Vitamin By, Qflex Kit.—Biacore AB; includes CM5
sensor  chip, porcine nonintrinsic  factor  (R-protein),
amine-modified B,-derivative, 96-well microtiter plates, adhe-
sive fail strips, plastic disposable vids with penetrable sedls,
glass vias (4 mL), HBS-EP buffer (10mM Hepes, 150mM
NaCl, 3.4mM EDTA, 0.005% surfactant P20, pH 7.4).

(b) Amine coupling kit.—Biacore AB.

(c) Sodium dodecyl sulfate (SDS).—0.5% (w/v).

(d) Surfactant P20.—Biacore AB.

(e) Cyanocobalamin, >99%.—V?2876 (Sigma-Aldrich,
NSW, Australia).

(f) Bovine serum albumin
(Sigma-Aldrich).

(g) Chemicals—Citric acid monohydrate, disodium hy-
drogen phosphate, sodium cyanide, sodium chloride, sodium
hydroxide, and ethanol (absolute; BDH, Poole, UK).

(h) Water. —Purified to (118 M.

(BSA).—A6793

Reagent Preparation

() By binding protein diluent.—0.2M Na,HPO, + citric
acid, pH 7.6; 0.6M NaCl; 1% BSA; 0.1% surfactant P20. Dis-
solve 1.78 g Na,HPO, + 2H,0 in 30 mL water. Add 1.755 g
NaCl and dissolve. Add 0.5 g BSA and dissolve with gentle
gtirring. Adjust to pH 7.6 with citric acid (0.1M), filter
(0.22 Om) into volumetric flask (50 mL), add 0.5 mL
surfactant P20 and dilute to volume. Store at room tempera-
ture (RT). Stable for 2 weeks.

(b) By, binding protein  solution.—Reconstitute
lyophilized binding protein in 1.5 mL diluent, divide into
4 diquots (350 (L), and store at —18[C. Prior to use, thaw an
aliquot and dilute with afurther 3150 [L diluent.

(c) Regeneration solution—(0.25% SDS + 75mM
NaOH.) Mix 10 mL SDS solution with 10 mL 150mM NaOH
solution. Store at RT. Stable for 1 month.

(d) Bxraction buffer—(0.2M NaHPO, + citric acid,
pH 4.5; 0.005% [w/v] NaCN.) Mix 450 mL 0.2M Na,HPO, so-
Iution (35.6 g Na,HPO, + 2H,0 in 1 L water) and 550 mL
0.1M citric acid (21.0 g citric acid monohydrate in 1 L water)

Table 1. Comparison of extraction conditions for
vitamin B12 (ng/100 g)*

Sampleb BIA extraction® MBA extractiond
Infant formula 4.0 3.8
Infant formula 3.8 3.7
Infant formula 6.1 6.2
Infant formula 3.0 3.2
Skim milk 4.3 4.2
Skim milk 3.0 3.2

& Measured by reference microbiological assay (mean of
duplicates). BIA = biomolecular interaction analysis; MBA =
microbiological assay.

Samples were anhydrous powders.

¢ 1 g samples, 20 mL phosphate (0.1M)—citric (0.05M) buffer,
0.001 g NaCN, pH 4.5, 121[C, 25 min.

4 1 g sample, 15 mL acetate (0.3M) buffer, 0.004 g NaCN, pH 4.6,
121[C, 15 min.

and adjust to pH 4.5. Weigh 0.05 g NaCN into volumetric flask
(1 L) and dissolvein buffer to volume. Store at 4°C. Stable for
1 month.

(e) Calibrant buffer.—0.2M Na,HPO, + citric acid, pH 4.5;
1% BSA. Dissolve2.5g BSA in 50 mL buffer (0.2M Na,HPO,
+ citric acid, pH 4.5). Filter (0.22 [Om) into volumetric flask
(250 mL) and dilute to volume with buffer (0.2M Na,HPO, +
citric acid, pH 4.5). Store at 4[C. Stable for 1 month.

(f) B, stock—240 [Og/mL. Dissolve 60.0 mg
cyanocobalamin (Mw = 1355.4) and dilute to volume in etha-
nol (25%, v/v) in volumetric flask (250 mL). Calculate accu-
rate concentration spectrophotometrically ((3g; = 28.1 10°)
and pu”ty (A361:A278 =1.80010. 10, A361:A550 =3.2500. 10, 4,
6, 8). Store at 4[C. Stable for 6 months.

(9) By, intermediate 1.—2.4 [g/mL. Dilute 0.500 mL
stock with calibrant buffer to 50.0 mL. Prepare fresh for each
analytical run.

(h) By, intermediate 11.—24 ng/mL. Dilute 0.500 mL
intermediate | with calibrant buffer to 50.0 mL.

(i) Byy calibrants—2.40, 1.60, 0.80, and 0.08 ng/mL.
Serialy dilute from intermediate 11 with calibrant buffer.

Sensor Immobilization

Vitamin By, wasimmohilized by a standard amine-coupling pro-
cedure under instrument contral. Briefly, the CM5 sensor surfacewas
activaled with a combined  N-ethyl-NE={dimethylaminopropyl)
cabodiimide and N-hydroxysuccinamide (EDC-NHS) resgent
(10 [L/min, 7 min); B,, derivative was coupled to the activated sur-
face (5 [L/min, 7 min), and ethanolamine was used to deectivate
unreected ester functiondities (10 C1./min, 3 min). Fallowing immo-
hilization, the chip was stored between andyses over dessicant a 4[C
in aseded contaner.

Samples

Infant formulapowderswere selected for their varying prox-
imate composition and content of supplemental CN-Chl. In ad-
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Table 2. Comparison of methods for vitamin B12 content (ug/100 g)?

Sample® BIA MBA RPBA Declared®
NIST SRM 1846 infant formula 3.98 (7.60, 14) 3.71 (5.75, 15) 3.0(7.2,5) 3.900.3
NIST SRM 2383 food composite 0.51 (13.7, 8) 0.37 (19.2, 2) 0.35(14.6, 3) 0.44 00.19
NIST SRM 8435 wholemilk 2.38(9.24,5) 1.77 (9.98, 2) 1.6 (7.79, 8) 1.700.3
Control infant formula 4.82 (4.13, 23) 4.50 (6.39, 77) 3.82 (4.69, 5) 2.0-6.4 (2.0)
Infant formula 7.35 (5.58, 13) 7.2(3.2,4) 6.1(4.2,5) 1.7-7.0 (2.0)
Infant formula 9.43 (4.28, 12) 9.2 (6.0, 3) 8.9 (8.5, 5) 5.0-13.0 (4.7)
Skim milk 3.67 (7.46, 6) 3.0(1.9, 3) 3.0 (4.37, 5) NAY
Skim milk 5.87 (3.78, 4) 6.1(2.3,3) 5.3 (4.30, 6)) NAY
Goat milk 0.71 (8.80, 5) 0.66 (16.6, 4) 0.46 (14.8, 5) NAY
Beef (minced) 1.32(8.77,4) 1.85(8.27, 2) 1.47 (3.93, 3) NAY
Beef (topside) 2.39 (2.40, 4) 2.59 (8.94, 2) 2.73 (4.23,3) NAY
Beef (rump) 3.52 (4.73, 4) 3.55 (14.46, 2) 3.86 (5.38, 3) NAY
Liver (sheep) 102 (7.43, 3) 121 (4.5, 2) 91 (6.0, 2) NAY

2 Data expressed as mean (RSD%, n). BIA = biomolecular interaction analysis; MBA = microbiological assay; RPBA = radioisotope

protein-binding assay.

® Milk and infant formulas are anhydrous powders.

¢ Reference values reported for NIST SRMs; range (label claim) reported for formulas.

¢ NA = Not applicable.

dition, a certified reference infant formula (NIST SRM 1846,
Nationd Ingtitute of Standards & Technology, Gaithersburg,
MD) was included to evaluate method accurecy.

Whole milk powders, fluid milks, and cereal-based foods
were obtained from retail sources. Market fluid and powdered
skim and whole milks were representative of predominantly
Friesian-Jersey cross supply herds. One production site was
selected and skim milk powders were sampled at monthly in-
tervals across an entire season.

Bovine, caprine, and ovine milkswere obtained from com-
mercia sources, and human milk was pooled from 5 healthy
donors (1-10 weeks postpartum). Raw bovine milk was col-
lected from a single 4 year-old Jersey (2nd calving) between
days —1 prepartum and +19 postpartum. Aliquots (5.0 mL)
were pipetted into autoclavable vias, and extraction buffer
(20 mL) was dispensed with mixing on a vortex mixer and
frozen (—18[C) until analyzed.

Various beef cuts and sheep liver were sourced and the
NIST SRM 2383 baby food composite and NIST SRM 8435
milk powder were used as additional controls during method
evaluation.

Extraction

The entire extraction and analysis were performed under
conditionsof low level, yellow incandescent light. Dried milk,
infant formula, or cereal-based foods (0.5-1.5 g), fluid milks
(5.0 mL), baby food composite or meat (0.5-2.0 g), or liver
(0.25 g) wasweighed accurately into an autoclavable vial and
extraction buffer (20 mL) added with vortex mixing. After

standing for 30 min, the sampleswere autoclaved at 121[C for
25 min at 15 psi and then cooled to ambient temperature in a
water bath. Extractsweretransferred quantitatively toa25 mL
graduated test tube and diluted to volume with extraction
buffer. The supernatant was clarified through a 0.22 Cm sy-
ringefilter, collecting ca 1.0 mL. Extracts of foods containing
an elevated content of vitamin B4, (e.g., liver) require second-
ary dilution beforefiltration.

Analysis

Reagents and immobilized sensor chip were alowed to
equilibrate to ambient temperature before use. Calibration
standards and sampl e extracts (200 [1L) weredispensed (in du-
plicate) into the appropriate wells of a96-well microtiter plate
and covered with light-protective adhesive foil. The sensor
chip and microfluidics system were equilibrated with
HBS-EP buffer and Chl-binding-protein, and regeneration so-
Iutions were positioned in the reagent rack. Following regis-
tration of samples and optimized assay parameters, including
flow rate (20 C1L/min), injection time (480 s), regeneration
time (51 s), system conditioning, and data processing func-
tions, the automated schedule wasinitiated. Each injection cy-
clerequired 17 min, with a 40-sample schedule completed in
14 h, including calibration standards. Total vitamin B4, con-
tent in foods was expressed as cyanocoba amin.

Comparative Analysis

Several samples were analyzed by aternative MBA and
radioassay.
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Microbiological Assay

MBA protocolswere based on established reference proce-
dures developed for foods (8, 12) and modified for use with
infant formulas. Samples (ca 1.0 g) were weighed accurately,
in duplicate, into autoclavable vias and dissolved in 5 mL
warm water (37°C) followed by NaCN (0.4 mL, 1%, w/v) and
stored at —20[C before analysis. After thawing, sodium ace-
tate buffer (10 mL, 0.4M, pH 4.6) was added; samples were
then autoclaved at 121[C and 15 psi for 15 min and cooled,
and contents were transferred into beakers (100 mL). The pH
was adjusted to 6.2 with NaOH (10%, w/v), and the contents
were transferred into a volumetric flask (100 mL) and diluted
tovolume. The solution wasfiltered, thefirst fraction wasdis-
carded and the filtrate was collected. Following appropriate
serial dilution of sample extract, 4-level subaliquots were pre-
pared in appropriately supplemented basal media (pH 6.2),
and the assay was formatted using L. delbrueckii (ATCC
7830) with absorbance at 600 nm.

Radioisotope Protein-Binding Assay

Samples (ca 0.25 g) were dissolved in saline (10 mL,
0.9%, w/v) and stored at —18[C until analyzed. Analysis was
performed using a combined folate + vitamin B, kit
(SMUITRAC-S, ICN Pharmaceuticals, Orangeburg, NY) fol-
lowing extraction with cyanide-containing buffer (100LC,
15 min) containing >'Co-B, tracer. Determination was based
on competitive binding after incubation with affinity-purified
porcine intrinsic factor.

Results

During the vitamin B, inhibition assay, afixed concentra-
tion of binding protein was equilibrated with sample and in-
jected over the CN-Chl immobilized sensor surface. The data
output isin the form of a sensorgram, which records analyte
binding in response units (RU) versus time, where 1 RU =
1 pg/mm? surface-bound protein. A typical sensorgram isrep-
resented in Figure 1, illustrating the significant events corre-
sponding to baseline equilibration, association phase,
nonsteady state response plateau, regeneration of sensor sur-
face, and stabilization before subsequent injection cycle. The
relative binding responseisacquired (JRU) and concentration
of vitamin By, interpolated from a 4-parameter fit calibration
regression, with response inversely related to analyte level.

Because the SPR-evanescent wave extends beyond the
dextran layer (ca100 nm), the extent of abrupt signal response
upon injection is dependent on the refractive index difference
between sample and running buffer. Preliminary trials have
demonstrated that because SPR response is independent of
preinjection time, the association kinetics between R-protein
and Chl in solution is rapid enough to attain equilibrium bind-
ing before injection over the immobilized surface.

Evauation of the SPR response over an activated and
blocked, but nonimmobilized surface demonstrated minimal
nonspecific binding to carboxymethyldextran. Several repre-
sentative food extracts elicited very low response (ca 15 RU)
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Figure 2. Comparison of vitamin B12 levels in foods
determined by BIA and MBA. ¢ = milk or infant formula,
A=meat or liver, [1=NIST SRM, O = cereal.

inthe absence of R-protein, relative to the response under total
inhibition conditions of about 4 ng/mL (ca 10 RU). Control
experiments have shown that this minimal nonspecific bind-
ing is largely attributable to BSA. Also, under the described
assay conditions, cobinamide (as CN,-Cbn) will inhibit
nonintrinsic factor to an extent comparable to CN-Chl.

Maximum binding capacity (Ry) values of ca8-10 kRU
and noninhibited binding response of ca 500 RU indicate a
maximum surface coverage of ca5% under assay conditions.
In addition, capture efficiency of R-protein may be estimated
as ca 1.5%, based on the ratio between maximum R-protein
bound to the flowcell (ca 5 fmole) and total exposure
(ca 340 fmole). Such apparently low capture efficiency en-
sures that sampleis not rapidly depleted of protein during the
association phase.

Dose—response calibration curves established quantitation
ranges for CN-Chl of 0.08-2.40 ng/mL. Limits of detection
(LOD; M and quantitation (LOQ; 10C) were determined
from the response of uninhibited binding protein and mea
sured 0.06 and 0.20 ng/mL, respectively.

A range of samples was subjected to both BIA and MBA
extraction techniques, and vitamin B, was estimated by
MBA (Table 1). Despite differences in extraction conditions
(buffer type, pH, ionic strength, cyanide concentration, and
heating time), both extracts yielded equivalent vitamin B,
content, as determined by the reference MBA technique
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Figure 3. Seasonal variation in vitamin B12 content in
skim milk powder.

(paired, 2-tail t-test: p = 0.822), suggesting that either extrac-
tion scheme facilitates quantitative recovery.

Mean recovery of the BIA method was estimated by dupli-
cate standard additions of CN-Cbhl at 3 levels (0.5, 1.0, and
1.5 ng/mL) to 3 infant formulas and one goat milk, and mea-
sured 89-106%. Further evidence of quantitative recovery
was based on replicate analysis of the certified infant formula
NIST SRM 1846, for which the mean and expanded uncer-
tainty of BIA values measured 3.98 (10.20 [0g/100 g (n = 13).
This value is within the assigned reference value of
3.9 00.3 [g/100 g based on an interlaboratory certification
study using MBA (n = 6), where expanded uncertainty is de-
fined as a 95% confidence interva incorporating an
inhomogeneity contribution of the SRM (42). For the baby
food composite NIST SRM 2383, these values were
0.51 [J0.05 /100 g (n = 8) compared with acertified val ue of
0.44 00.19 /100 g.

Intralaboratory precision was estimated for BIA through
between-run replicate analyses of an infant formulapowder
(RSDg, % =4.15, mean = 4.83 [0g/100 g, n = 21), the NIST
SRM 2383 (RSDg, % = 13.7, mean = 0.51 [0g/100 g, n = 8)
and at endogenouslevelsin awhole milk powder (RSDg, %
=5.98, mean = 3.94 [g/100 g, n = 8). The intralaboratory
HORRAT values for these and other samples derived from
BIA (Table2) ranged from 0.13t0 0.70 (mean = 0.38), indi-
cating acceptable method performance. Interlaboratory

parameterswere eva uated from BIA dataobtained by 2 independ-
ent laboratories for both the in-house control (x = 4.83 [1y/100 g;
RSDg, % = 4.15 versus x = 4.69 [y/100 g; RSDg, % = 3.09) and
NIST SRM 1846 (x = 3.98 [Y100 g; RSDg, % = 7.60 versus
x = 3.78 (1100 g; RSDR, % = 5.03) infant formulas.

Comparability of data based on independent analytica
techniques is indicative of an unbiased estimate of analyte
level. A range of infant formulas, milks, mests, liver, and
SRMs was therefore tested by BIA, MBA, and RPBA tech-
niques (Table 2).

BIA vyielded data statistically equivalent to the reference
MBA (paired, 2-tail t-test, p=0.32) and r =0.9922; RPBA es-
timationswere generally low (p < 0.05) with an overall bias of
ca8% relative to MBA. Results for the SRMswere generally
consistent with values assigned from interlaboratory certifica-
tion based on the exclusive use of MBA techniques. Estimated
values obtained for formulas complied with expected specifi-
cation ranges and were typically higher than declared levels,
consistent with formul ation overages generally recommended
during infant formula production.

Figure 2 illustrates a direct comparison of BIA with inde-
pendent MBA for an extended range of samples, including ad-
ditional infant formulas and cereal-based products. Both
methods demonstrated statistical equivalence for vitamin B,
with the paired 2-tail t-test confirming an absence of signifi-
cant difference (p = 0.12). Linear regression (unweighted) re-
sulted in confidence intervals of slope and intercept including
the ideal values of 1 and O, respectively, confirming the ab-
sence of significant bias.

A survey of the potential influence of season on thevitamin
B, content of milk wasinvestigated in skim milk powder pro-
duced from exclusively pasture-grazed herds. Both BIA and
MBA techniques were used independently (Figure 3). Both
measurement techniques yielded similar data, confirming a
seasond variation of vitamin By, levelshy afactor of approxi-
mately 2, with maxima coinciding with spring calving (Au-
gust) and late summer (March-April).

Changes in vitamin B4, content during early bovine lacta-
tionwereinvestigated inthe milk of anindividual animal from
precolostrum (-1 day) to mature milk (+19 days)
postparturition. Both BIA and MBA techniqueswere used in-
dependently (Figure 4). Both analytical techniques yielded
equivaent data, and revealed a significant physiological re-
sponse to parturition, with a 5-fold variation in early
colostrum levels relative to mature milk.

A limited comparison of the vitamin B4, content of domes-
tic mammalian species milks was conducted with pooled,
fluid samples. Bovine milk ranged 0.2-0.8 [0y/100 mL, ovine
milk 0.4-0.5 [y/200 mL, caprine milk 0.07-0.09 [0y/100 mL,
and human milk was below the limit of detection.

Discussion

Vitamin fortification of infant formulas is allowed within
defined ranges to meet the nutritional requirements of the
nonbreastfed infant and, for vitamin B, is achieved exclu-
sively through addition of CN-Chl, which is presumed to re-
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main unbound. By contrast, endogenousvitamin By, inmilkis
associated with the haptocorrin R-binder glycoprotein. The
optimized extraction procedure used in the present study is
consistent with standard protocols, which liberate pro-
tein-bound cobal amins and convert endogenous multiformsto
the stable cyanocobaamin. Comparative factorid studies
have confirmed that critical extraction parameters influence
recovery of vitamin B4, inmilk, and that under optimized con-
ditions, RPBA with intrinsic factor may yield data equivalent
to MBA using L. delbrueckii (10).

The highly sensitive MBA is regarded as the reference
method for analysis of vitamin B4, in foods, despite itsinher-
ent performance limitations and manipulative character. Al-
though microtiter plate formats and cryogenic preservation
techniques have overcome some of these generic limitations,
such protocols have been applied primarily to the analysis of
food folates (43-45). Alternative methods based on labeled
protein-binding assays (enzyme or radioisotope) and chro-
matographic techniques have, despite their relative attributes,
not fulfilled the practical requirementsfor routine application
in the area of food labeling and compliance analysis.

The described biosensor-based protein-binding assay uses
SPR to detect surface binding events and thereby facilitate a
nonlabeled, real-time, and automated instrumental technique.
As with labeled immunoassay and PBA methods, an inhibi-
tion assay protocol isgenerally used for low molecular weight
analytes (<2 kDa) that do not directly elicit asignificant SPR
optical response. A high concentration of immobilized vita-
min By, ligand (Rya ca 10000 RU) and low flow rate
(20 [./min) favor the masstransfer limiting conditions gener-
ally advocated for concentration measurements. With high af-
finity systems, these conditions lead to low dissociation rates
at the surface and an almost linear binding response during as-
sociation. Further, analytical detection limitsfor the described
SPR detection technique are dominated by both the high affin-
ity of the Chl:R-proteininteraction (Kp < 10°1°M) and themo-
lecular size of the glycoprotein ligand (ca 100 000 Da).

Despite the high affinities of the several vitamin B4, bind-
ing proteins involved in uptake and transport of Chl (46), the
affinity characteristics of the surface-bound anayte:ligand in-
teraction facilitated the  analyticaly essential
multiregeneration potentia of the Chl-immobilized sensor.
Thus, replicate analysis (n = 40) of a control sample over
200 injection cyclesyielded an RSDg of <5%, with abaseline
response drift of <1 RU/cycle consistent with negligiblevaria-
tion of absolute signal over time.

Asforimmunoassay, it isimperativeto demonstrate during
validation of protein-binding assay techniques, that binding
interferences are analytically insignificant, especialy for la
bel-free detection systems (27, 47). A minimal SPR response
under nonspecific binding conditions has confirmed the speci-
ficity of the described BIA assay. Further, the addition of
CM-dextran to sample extracts did not elicit a moderated re-
sponse, further indicating insignificant nonspecific binding at
the sensor surface. Low susceptibility to nonspecific adsorp-
tion is a characteristic property of the hydrophilic
carboxymethyldextran layer, through which covalent immo-

bilization establishes the interfacial-recognition layer of
SPR-based immunosensors (48, 49).

There was significant correlation between the 3 analytical
techniques, despite the radically different specificities of the
diverse Chl detector species. The purifiedintrinsic factor used
in the RPBA exhibits the highest specificity for cobalamins,
which probably accounts for the generally systematic and
dightly lower results obtained with thistechnique. Similar ob-
servations during comparison of intrinsic factor-based assays
with MBA have been reported, although not always consis-
tently (5, 10, 11, 14, 16, 21, 50). Asahaptocorrin, R-proteinis
lessselectivethanintrinsic factor in recognizing physiol ogical
forms of B4, in view of its cross-reactivity with endogenous
nonactive cobinamides. It has, therefore, been less commonly
used in PBA (21), athough its availability and enhanced
conformationa stability in solution confer analytical advan-
tages (18, 20). R-protein is, however, generally considered the
predominant natural binder in milk for Chl, although a recent
study reported the significance of transcobalamin in bovine
milk (51). It is speculated to be either synthesized in the mam-
mary gland, or actively transferred from serum to mammary
epithelia cells during lactation. The equimolar binding prop-
erties, binding constants, and relative affinities of this and re-
lated Chl-binding glycoproteins have been characterized and
reported previoudly (46, 52, 53).

Equivalence between the haptocorrin-based BIA and
L. delbrueckii-based MBA for the foodsinvestigated suggests
both insignificant levels of By, analogs, as previously con-
firmed for milk (3), and that potential interferences to MBA
from deoxyribosides are insignificant in those foods. Because
this biosensor-based study has further confirmed that
R-proteinisinhibited to acomparable extent by either CN-Chl
or CN,-Cbn, the equivalence between analytical methodsrep-
resents further evidence for negligible content of the biologi-
cally inactive cobinamidesin the foods selected.

Although the BI A technique was assessed primarily for ap-
plication to routine analysis of CN-Chl supplemented infant
formulas, it was also evaluated for measurement of endoge-
nous Chl in milk and other foods. In bovine milk, the predomi-
nant form is OH-Cbl, with contributions from Me- and
Ado-Chl, al of which are associated with the R-binder
glycoprotein (26, 54). In thisstudy, vitamin B, content in ma-
ture bovine milk ranged from 0.2 to 0.8 [lg/100 mL, which
compares with published values of 0.15-0.9 [g/100 mL ob-
tained by avariety of anaytical techniques (2, 5, 9, 10, 11, 22,
26, 50, 51, 55).

The vitamin B, content in caprine milk was significantly
lower than bovine milk and ranged from 0.07 to
0.10 [y/200 mL, which compares with published values of
0.04-0.07 [y/100 mL (56). Mature ovine milk contained lev-
els comparableto those of bovine milk and ranged from 0.4 to
0.5 [g/2100 mL, consistent with the limited published val ues of
0.3-1.0 (/100 mL (16, 56, 57). Human milk is known to con-
tan vitamin By, a the much lower levels of
0.02-0.04 [y/100 mL (3, 17, 58), which is below the detection
limit of the currently described SPR technique, although MBA
yielded data comparable to those reported in the literature
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(0.02 (/100 mL). Further, evidence of a characterigtically de-
tectable nonspecific interference compounded the difficulty in
estimating such low levels of Chl in human milk by BIA.

Any potential influence of breed, pasture, or indoor feeding
regimens on bovine milk Cbl levels have generally been in-
consistent and minor, unless a cobalt deficiency existed (2).
The present biosensor-based study investigated seasona in-
fluences on the content of vitamin B, in bovine milk derived
from exclusively pasture-fed animalsand where herd lactation
issynchronized to commencein early spring. Theresultsindi-
cate an early declinein Chl content following commencement
of herd lactation, a relatively stable mid-season, and an in-
crease during progression of southern hemisphere summer. It
is acknowledged that ruminants have no dietary source of vi-
tamin B, and are dependent on its production by bacteriathat
inhabit the rumen and utilize cobalt derived from the diet (59).
It would therefore seem likely that any seasonal impact on the
expression of this vitamin in ruminant milk acts indirectly
through moderation of biochemical eventsin the rumen.

The vitamin By, content of both bovine and ovine
colostrum has been reported as ca 5-10-fold greater than that
of mature milk, with levels falling rapidly over the first days
postpartum and then remaining stable throughout the milking
period (2, 16). More variable results have been reported for
human colostrum, where, in contrast to ruminant physiology,
regulated Chl expression in human milk is also dependent on
maternal diet (17, 58). The present biosensor-based study of a
single lactating cow confirms a significant 4-8-fold temporal
relationship in the period immediately prior to parturition and
during the postpartum transition from colostrum to mature
milk. Therelatively high levels of vitamin By, in early bovine
colostrum plausibly provides an essential source of this vita-
mintothecalf immediately following parturition and until itis
able to both establish cobalt sufficiency and support rumen
functionality.

Muscle and organ meats, especialy liver, are excellent
sources of vitamin B1,. In the present study, different muscle
meatsyielded arange (1.3-3.9 [0y/100 g) consistent with pub-
lished values (4, 5, 11, 22). In arepresentative sample of sheep
liver, theresult obtained by biosensor assay (1.02 [g/g) isalso
consistent with typical published reports (4, 5, 14, 50).

NIST has addressed the absence of food-matrix SRMs for
vitamins and has recently produced 3 materials (1846, 8435,
and 2383) representative of infant formula, milk, and a food
composite, respectively. The Community Bureau of Refer-
enceisaso actively involved in providing reference foods of
certified vitamin content (50), because such materials are ac-
knowledged to be necessary during the validation of analytical
methods intended to ensure compliance and establish trace-
able compositional information.

Conclusions

With radio-ligand assays not generally considered reliable
for foods, the absence of acommercial source of the R-protein
enzyme conjugate, and the sensitivity limitations of LC tech-
niques, it has been reported that MBA will continue to be the

1 s 8 o 12 4 16 (&
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Figure 4. Variation in vitamin B12 content during early
lactation of a single cow.

method of choicefor food analysis (60). However, the present
study demonstrates the suitability of the biosensor: SPR-based
technique for routine compliance monitoring of vitamin
B1,-supplemented infant formulas, aswell asanalysis of vita-
min B, at endogenous levels in selected foods. Established
performance parameters and its inherently nonlabeled, rapid,
and automated attributes qualify this technique as a practica
aternative to established techniques. Although in common
with A, PBA, and MBA, BIA is an inherently Chl
group-specific technique, and therefore, unlike LC, cannot
speciate the various cobalamins present in afood, it does offer
significant advantages for the estimation of total vitamin By,
in such foods. The biosensor procedure is robust, thus facili-
tating its adoption in food laboratoriesinvolved in routine sur-
veillance programs.
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