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Abstract: This study presents a new technique for determining vitamin B12 in milk powder using
high-performance liquid chromatography-inductively coupled plasma mass spectrometry (HPLC-
ICP-MS). We used ultrasonics with potassium ferrocyanide and zinc acetate solutions to extract
the samples. 59Co was employed as the analytical target for cyanocobalamin. It was separated
using a Phenomenex Luna 5 µm C18 (250 × 4.6 mm) chromatographic column with a mobile phase
consisting of 1.6 mmol/L EDTA and 0.4 mmol/L KH2PO4 in a 60% v/v methanol solution (pH = 4.0).
The sample has an excellent separating degree for free cobalt and cyanocobalamin, and isocratic
elution can be finished within 4.0 min. To eliminate the matrix interference due to the presence of
milk powder, we applied collision mode (KED). The linear range of cyanocobalamine ranged from
1.0 µg/L to 20 µg/L, with correlation coefficients (r2) of 0.9994. The limit of detection (LOD) was
0.63 µg/kg, and the limit of quantitation (LOQ) was 2.11 µg/kg. The mean recoveries were in the
range of 87.4–103.6%. The accuracy and precision of the developed method are well suited for the
fast quantification of the trace vitamin B12 in milk powder.

Keywords: vitamin B12; cobalt species; milk powder; HPLC-ICP-MS

1. Introduction

Vitamin B12, usually called cobalamin, belongs to a group of cobalt-containing com-
pounds called goblins. The compound can be classified as cyanocobalamin (-CN), hy-
droxocobalamin (-OH), methylcobalamin (-CH3), and adenosylcobalamin (-Ado) based
on the various substituents [1]. Humans cannot produce cobalamin on their own and
can only obtain it from consuming animal-based foods like meat and milk. Vitamin B12
is crucial for the development of the neurological system, the creation of red blood cells,
and the synthesis of fatty acids and specific proteins [2]. Infants, pregnant women, and
the elderly are insufficient in B12. This shortage can lead to damage to the blood and
nerve systems, hinder cognitive development in infants and children, and heighten fertility
risks in pregnant women [3]. The instability of hydroxycobalamin, mecobalamin, and
adenosylcobalamin in cobalamin necessitates the use of synthetic cyanocobalamin in milk
powder [4,5]. Cyanocobalamin, a compound with a molecular weight of 1355.4, has the
cobalt ion bonded to the N-3 of 5, 6-2 methylphenylimidazole above the plane of the cobal-
toline ring and to the C5′ of 5′-deoxyadenosine below the plane [6]. The Chinese national
standard GB 10765-2021 mandates the addition of vitamin B12 in infant milk powder,
with a required content ranging from 0.5 µg/100 g to 7.2 µg/100 g [7]. This requirement
aligns with the CODEX STAN 73-1981 standard set by the International Codex Alodex
Commission (CAC) for canned baby foods [8].
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Currently, the accepted methods for determining vitamin B12 in healthcare supplies are
high-performance liquid chromatography (HPLC) [9–12] and the microbiological method,
which is only used for infant food and dairy products [13,14]. Nevertheless, because of
the low sensitivity of the HPLC method, it was necessary to enrich and purify it using
solid-phase extraction to achieve a higher method detection limit [15–18]. However, this
entire process is intricate and challenging to control. The Association of Official Analytical
Chemists (AOAC) employed intricate and time-consuming microbiological methods to
determine vitamin B12 in baby food and dairy products [19]. Prior research has utilized
the atomic absorption method to indirectly determine vitamin B12 [20]. This method
involves enrichment and cleanup using SPE columns to ensure the instrument sensitivity
requirements are met. Additionally, cobalt concentration is determined by ICP-MS to
indirectly assess the vitamin B12 concentration in samples [21]. In recent years, some
research has employed liquid chromatography-mass spectrometry (LC-MS) techniques to
determine vitamin B12. Szterk et al. [22] reported a solid-phase extraction (SPE) technique
to concentrate vitamin B12 in beef. The concentrated samples were then determined
using liquid chromatography-mass spectrometry (HPLC-MS), with a detection limit of
1 µg/kg. Raju et al. [23] reported an HPLC-ICP-MS method for evaluating vitamin B12
in breakfast cereals and multidimensional tables, and the detection limit was 0.9 µg/kg.
Liu et al. [24] determined vitamin B12 in functional drinks, multivitamin tablets, and
infant milk powder by solid phase extraction column purification and size exclusion
chromatography-inductively coupled plasma mass spectrometry (SEC-ICP-MS), and the
detection limit was 0.4 µg/L. Yang et al. [1] reported a method that uses microwaves to
assist with the extraction of vitamin B12, which is then analyzed using HPLC-ICP-MS.

At present, there are few methods for the determination of vitamin B12 in dairy products
without SPE. Moreover, there is no existing research investigating the morphological and
chromatographic characteristics of different cobalt species. This study utilized the collision
mode (KED) to remove the interference caused by the binding of nitrogen and scandium in
the matrix protein of milk powder, as well as the binding of hydroxide and argon in the carrier
gas. This was achieved by optimizing the collision reaction parameters [25]. Consequently,
the liquid chromatography conditions were optimized to prevent the disruption caused by
free cobalt in the presence of cyanocobalamin. An achievable qualitative and quantitative
approach using HPLC-ICP-MS was developed to determine vitamin B12 in milk powder. This
method may provide technical support in monitoring the nutritional content of milk products.

2. Results and Discussion

A tuning solution was employed to adjust the instrument to achieve optimal sensitivity,
oxide reduction, double charge correction, resolution, and other indicators of the ICP-
MS [24]. The tuned mass spectrum indexes were displayed in Section 3.4. The microwave
digestion method was used to process procedural blank and milk powder with a known
concentration of vitamin B12. The samples were then measured using ICP-MS, with yttrium
used as an internal standard for quantifying 59Co. The result was then converted into the
concentration of vitamin B12, as shown in Table 1. The concentration of vitamin B12 in the
digestion solution of milk powder exceeded the labeled value by approximately 1.85 times.
Consequently, the free cobalt in the sample could lead to a false positive result. Hence, the
utilization of chromatography is imperative to isolate the free cobalt to achieve a precise
determination methodology.

Table 1. Mass spectrometry interference of cobalt in four experiments measured by ICP-MS.

Four Experiences Designed Concentration Found (µg/L)

Cyanobalamin standard with water 0.03
Cyanobalamin standard with extract solution 0.02

Sample extracted 40.48
Sample digested 5.55

Sample blank digested 0.00
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2.1. Optimization of Chromatographic Conditions
2.1.1. Selection of Chromatographic Column

The study used the Diamonsil Plus 5 µm C18 column and the Phenomenex Luna
5 µm C18 column for the reverse phase chromatographic separation of cobalt species.
The Diamonsil Plus 5 µm C18 column, a packed column modified with alkyl and polar
groups, is appropriate for biomacromolecule analysis. The results showed cobalt species
did not retain with the column, along with high column pressure when using EDTA
and dihydrogen phosphate as the mobile phase. The analysis was conducted using the
Phenomenex Luna 5 µm C18 column, which allowed for the completion of the analysis
within 4 min. This column effectively separated free cobalt and cyanocobalamin, as shown
in Figure 1.
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Figure 1. Mixed standard solution of 1 µg/L free cobalt and 20 µg/L cyanocobalamin: (a) Diamonsil
Plus 5 µm C18 column and (b) Phenomenex Luna 5 µm C18 column.

2.1.2. Selection of Mobile Phase

Based on the results mentioned above, it was found that the sample may contain free
cobalt, which could impact the measurement of cyanocobalamin. Therefore, it is necessary
to eliminate the interference caused by free cobalt. Although removing free cobalt from the
extract proved difficult, it is important to note that the concentration of salt in the mobile
phase and different solvents can alter the chromatographic properties of both free cobalt
and cyanocobalamin. The effect of KH2PO4 and EDTA on the separation of free cobalt and
cyanocobalamin was studied. The concentrations of KH2PO4 studied were 0.4 mmol/L,
0.8 mmol/L, and 1.2 mmol/L. These concentrations were tested in a solvent consisting of
60% v/v methanol. The study results revealed that both free cobalt and cyanocobalamin
were eluted with the same retention times, and the separation efficacy remained unchanged.
The peak pattern observed for the 0.4 mmol/L KH2PO4 was symmetrical and exhibited a
crisp shape, as shown in Figure 2. Furthermore, the concentrations of EDTA that were tested
in the solvent of 60% v/v methanol were 2.0 mmol/L, 5.0 mmol/L, and 10.0 mmol/L. At
concentrations of 5.0 mmol/L and 10.0 mmol/L, both free cobalt and cyanocobalamin were
retained on the column without any peaks, and the baseline rose as the EDTA concentration
increased. Despite the potential enhancement of free cobalt and cyanocobalamin separation
by 2.0 mmol/L of EDTA, the sensitivity was low, and the retention time of cyanocobalamin
was disrupted by impurity peaks, as shown in Figure 3. Another important function of
0.4 mmol/L KH2PO4 was to maintain a constant pH of 5.0. A pH of 4.2 was reported
to be optimal for the stability of free cobalt and cyanocobalin [23]. In theory, the cobalt
species shows effective separation at this pH when the EDTA concentration is appropriately
adjusted. Consequently, we decided to use the mixed salt system consisting of KH2PO4 and
EDTA for further selection and optimization experiments. With the addition of 1.6 mmol/L
EDTA, 3.0 mmol/L EDTA, and 5.0 mmol/L EDTA into the 60% v/v methanol mobile
phase containing 0.4 mmol/L KH2PO4, the retention time of free cobalt and cyanobalamin
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reduced as the concentration of EDTA declined. Additionally, the sensitivity increased.
With the addition of 1.6 mmol/L EDTA, the peak shape was symmetrical and sharp
(Figure 4). In addition, the study examined the methanol ratios of 40% v/v, 50% v/v, and
60% v/v in the mobile phase. Methanol has the potential to produce symmetrical and sharp
peak shapes. As the polarity of the mobile phase decreased due to the increase in methanol,
the retention time of free cobalt and cyanobalamin also decreased. The separation degree
and sensitivity, however, remained unchanged. It is important to note that if the methanol
ratio in the mobile phase exceeds 60% v/v, the ICP-MS will flame out. To effectively
separate cobalt compounds, the experiment used a mobile phase with 0.4 mmol/L KH2PO4
and 1.6 mmol/L EDTA in a 60% v/v methanol solution (pH = 4.0).
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2.2. Optimization of Pretreatment Conditions

The milk powder sample contained a large amount of protein and organic matter,
facilitating the formation of a compound between cyanobalamin and the sample matrix.
It contrasts the low adsorption state of cyanobalamin with the matrix in eggs [26]. Using
the chromatographic conditions described in Section 2.1, there was a high concentration
of unidentified cobalt-containing compounds in the milk powder extract at the same
retention time as cyanocobalamin. To clarify the source of interference, the following
experiments were designed: (1) Preparing a 1 µg/L cyanocobalamin standard solution
using deionized water; (2) Preparing a 1 µg/L cyanocobalamin standard solution using
an extraction solution; (3) Spiking cyanocobalamin with a concentration of 1 µg/L to
milk powder samples using the extraction solution. Similarly, the three solutions were
introduced into ICP-MS, using a cobalt standard solution as a reference, yttrium as an
internal standard for quantifying 59Co, and finally converted into the concentration of
vitamin B12. The experimental results are shown in Table 1. There was no interference
in the mass spectrum of deionized water or the extraction solution. However, in the
sample of the spiked milk powder, the concentration of vitamin B12 converted from 59Co is
considerably higher than the known range of vitamin B12 concentration. Cyanobalamin is
susceptible to disruption by polyatomic molecules, such as 14N45Sc, 43Ca16O+, and others.
Additionally, the mass spectrum interference from the matrix is highly significant. The
collision mode (KED) is a widely used technique in ICP-MS to eliminate the interference
caused by mass spectrometry [27–29]. The multi-atom interference ions saw a substantial
decrease in their kinetic energy upon collision cooling, making it challenging to overcome
the potential barrier of the four-stage rod analyzer [30]. The experiment used milk powder
extract to examine the optimal collision rate of cell gas B. Finally, when cell gas B was set to
1.4 mL/min, stable and efficient results were achieved (Figure 5). The signal-to-noise ratio
(S/N) of the chromatographic peak for cyanobalamin was determined at 2.6 min at the
given mass spectrometry setting, with the adjacent noise also being measured. The S/N
met the requirements, the BEC was minimized, and the interference caused by the matrix
on the chromatographic peak of cyanobalamin was eliminated.
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The effects of 60% v/v methanol, 1% v/v trichloroacetic acid, 50 mmol/L sodium
acetate buffer solution (pH = 4.0), an equal volume of potassium ferrocyanide, and zinc
acetate solution as protein precipitators on the determination of cyanobalamin were further
investigated (Figure 6). The use of a 60% v/v methanol solution as a protein precipitator
resulted in poor extraction efficiency of cyanobalamin, and a distinct peak corresponding
to free cobalt was observed at the retention time. The high acidity of trichloroacetic
acid caused the decomposition of cyanobalamin in strong acid, resulting in its loss due
to protein precipitation. An impurity peak occurred with a retention time of 2.0 min
for free cobalt. When used as a protein precipitator, 50 mmol/L sodium acetate buffer
solution exhibited poor peak shape for free cobalt and cyanobalamin, and a split peak
was observed during the retention time of free cobalt. Zinc cyanoferrous acid precipitate
is formed through the salting-out reaction of zinc acetate and potassium ferrocyanide,
following the national food safety standard GB 5009.9-2016 of China [31]. This clarifier is
highly effective in eliminating proteins and is perfect for clearing samples with a lower
color. The results showed that using potassium ferrocyanide and zinc acetate solutions
as precipitators produced a pure extract, leading to an excellent separation between free
cobalt and cyanobalamin, exhibiting high sensitivity and minimal interference. Hence,
potassium ferrocyanide and zinc acetate solutions can be employed as protein precipitators
to isolate cyanobalamin from the impurity peak.

2.3. Figures of Merit

The linearity of the calibration curves for free cobalt and cyanocobalamin was evalu-
ated. The area of the chromatographic peak was used for the quantification. The calibration
curves for the free cobalt and cyanocobalamin were linear over a concentration range of
0.05 to 1 µg/L and 1 to 20 µg/L with seven calibration points each. The linear regression
results are shown in Table 2. The correlation coefficients for free cobalt and cyanocobal-
amin were found to be 0.9996 and 0.9994, respectively. The limit of detection (LOD) was
calculated according to the following equation:

LOD = 3 (N/S) C, (1)

where N represented the baseline noise, S represented the peak height of the measured
substance, and C represented the concentration of the measured substance. The limit of
quantification (LOQ) was calculated according to the following equation:

LOQ = 10 (N/S) C, (2)
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Figure 6. Determination of free cobalt and cyanobalamin in milk powder: (a) 60% v/v methanol;
(b) 1% v/v trichloroacetic acid; (c) 50 mmol/L sodium acetate buffer solution (pH = 4.0); (d) equal
volume potassium ferricyanide and zinc acetate solution.

Table 2. Methods linear range, with the LOD and LOQ.

Cobalt Species Linear Equation Linear Range
(µg/L)

Correlation
Coefficient (r2)

LOD
(µg/kg)

LOQ
(µg/kg)

RSD
(%)

Free cobalt y = 50,130x + 0.6239 0.05–1.0 0.9996 0.045 0.149 2.56%
Cyanocobalamin y = 1863.6x + 194.79 1–20 0.9994 0.63 2.11 2.48%

The LOD for free cobalt was 0.045 µg/kg, while for cyanocobalamin it was 0.63 µg/kg,
and the LOQ for free cobalt was 0.149 µg/kg, while for cyanocobalamin it was 2.11 µg/kg.
The LOD for cyanocobalamin is approximately 15 times better than what is reported in
the literature [32]. Six injections of a mixed standard solution including free cobalt and
cyanocobalamin at concentrations of 1 µg/L and 20 µg/L were utilized to determine the
relative standard deviations (RSD), which were found to be 2.56% and 2.48%, respectively.
The results showed that the RSDs (n = 6) of cobalt species were less than 5%, indicating
that the calibration curves show high precision.

2.4. Accuracy of Method

We analyzed certified reference materials for quality control purposes and proce-
dure blanks to assess potential sources of contamination. National Standard Substances
(GBW 10277) obtained from the National Institute of Metrology (NIM, Beijing, China) were
analyzed for quality control of cyanocobalamin. The results are shown in Table 3. It can be
found that there is a good agreement between the found and certified values (t-test at a
95% confidence level). Since there are no certified reference materials for free cobalt in milk
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powder, the impact of the entire experimental process, including extraction and detection,
may be verified through the recovery of the spiked samples [29]. The results were listed in
Table 4. The recoveries of free cobalt and cyanocobalamin were 94.5% to 102.0% and 87.4%
to 103.6%, respectively. The RSDr for the analysis (six injections for three spike levels) were
within acceptable limits (less than 5%), showing that this analysis method was repeatable
and reliable in milk powder samples.

Table 3. Analysis of standard reference substances a.

GBW 10277

Species Found (µg/L) Certified (µg/L)
cyanocobalamin 30.3 ± 0.7 29.8 ± 3.6

a mean values and 95% confidence intervals (n = 6).

Table 4. Concentrations of cobalt species and recoveries in milk powder as measured by HPLC–ICP-
MS a (n = 6).

Sample Background Value
(µg/kg)

Added
(µg/kg)

Concentration
Found
(µg/kg)

Mean
Recovery

(%)
RSDr (%)

Milk powder

Co(II) 2.1
0.5 2.5 ± 0.1 95.3 4.42
1.0 3.1 ± 0.1 99.6 3.10
4.0 6.2 ± 0.2 101.3 2.76

Cyanocobalamin 27.3
10 33.8 ± 2.1 90.6 4.66
25 53.4 ± 1.5 102.2 4.01
50 79.7 ± 2.8 103.1 2.98

a Values are the means of six measurements ± standard deviation.

2.5. Analysis of Real Samples

A technique was employed to determine the vitamin B12 content in six kinds of
infant milk powder. The vitamin B12 concentration in milk powder met the range of
0.5–7.2 µg/100 g, as specified in the CODEX STAN 73-1981 Standard for canned baby
food. The total cobalt species concentration determined by HPLC-ICP-MS was consistent
with the 59Co obtained by ICP-MS following microwave digestion. The cobalt species
concentration accounted for 89.9–97.5% of the total cobalt. The results were listed in Table 5.
Compared to previous methods, this method could determine the cobalt species with
simple pretreatment, reduced time requirements, and excellent reliability.

Table 5. Concentrations of cobalt species and total cobalt in six milk powders a.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Cyanocobalamin 27.3 14.7 28.5 10.6 33.7 16.9
Sum b 29.4 16.1 30.3 11.3 37.1 19.5

Digested c 30.9 17.9 32.3 12.1 40.9 20.0
The ratio of cobalt species and total cobalt (%) 95.1 89.9 93.8 93.4 90.7 97.5

a All values are in µg/kg units unless otherwise noted; b Sum of concentration of individual cobalt species
obtained by HPLC–ICP-MS; c Total concentration of cobalt in the pressurized microwave digests.

3. Materials and Methods
3.1. Sample Source

The milk powder samples were collected from brand milk powder available at the
shopping mall. The collected samples have been confirmed to contain cyanocobalamin as a
supplement to vitamin B12 and should be stored in a dark place [33].
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3.2. Instruments and Reagents

The following instruments and reagents were used in this experiment: NexION 300D
ICP-MS (PerkinElmer, Waltham, MA, USA) equipped with a concentric nebulizer and
collision reaction cell; Series 200 HPLC (Perkin Elmer, Waltham, MA, USA); de-iron wa-
ter was acquired using a Millipore water purifier (Millipore Ltd., Bedford, MA, USA);
Phenomenex Luna 5 µm C18 (250 × 4.6 mm) column; ETH031 Microwave Digestion In-
strument (Milestone Co., Roseland, NJ, USA); KQ-500DE Numerical Control Ultrasonic
Cleaner (Kunshan Instrument Co., Shanghai, China); high-speed centrifuge (Eppendorf
Co., Hamburg, Germany); cobalt standard solution (1000 mg/L) (SPEX Co., Metuchen, NJ,
USA); vitamin B12 (Cyanobalamin, Sigma-Aldrich Co., Burlington, MA, USA); infant milk
powder standard substances GBW 10277 (NIM, Beijing, China); nitric acid and methanol
(chromatographic purity, Merck, Darmstadt, Germany); ethylenediamine tetraacetic acid
disodium (EDTA), potassium dihydrogen phosphate, disodium hydrogen phosphate do-
decahydrate, potassium ferrocyanide, anhydrous sodium acetate, trichloroacetic acid, zinc
acetate, and acetic acid (analytical purity, Chinese Medicine Co., Beijing, China).

3.3. Chromatographic Conditions of HPLC

ICP-MS did not tolerate the organic mobile phase in the absence of an oxygenation
device. The excessive presence of organic solvents in the injection solution can lead to the
flameout of ICP-MS and result in the accumulation of carbon deposits in the cone system,
thereby impacting the accuracy of the experimental results [34]. Hence, the quartz center
tube of the Perkin Elmer PFA Base, coupled with an oxygenation device, was used for
this experiment. The mobile phase consisted of EDTA and dihydrogen phosphate salt.
However, a high concentration of EDTA might lead to salt deposition at several critical
points in the liquid system, such as the one-way valve, sampling cone, and intercepting
cone of the ICP-MS instrument [1]. Therefore, selecting a low concentration of EDTA is
preferable to protect the instrument. Thus, the Phenomenex Luna 5 µm C18 (250 × 4.6 mm)
column was employed. The mobile phase consisted of a solution containing 1.6 mmol/L
of EDTA and 0.4 mmol/L of potassium dihydrogen phosphate in a 60% v/v methanol
solution (pH = 4.0). Isostatic elution was used, with an injection volume of 20 µL and a
column flow rate of 1.0 mL/min.

3.4. Mass Spectrometry Conditions of ICP-MS

For optimal operation of the KED, parameters including Rpq and cell gas B are critical.
By utilizing the value of the bandpass parameter Rpq, which is 0.45, the proper RF voltage
for quadrupole rods can be determined. The collision gas flow rate of cell gas B was
1.4 mL/min. The mass number m/z = 58.9 (Co) was monitored, while the atomizer had
a flow rate of 0.82 mL/min. The RF power was 1350 W. The flow rate of the plasma gas
was 18.0 mL/min, while the flow rate of oxygen was 0.065 mL/min. The auxiliary gas was
flowing at a rate of 1.2 mL/min.

3.5. Method Validation

The method was validated in terms of linearity, LOD, LOQ, recovery, and repeatability.
To evaluate the linearity, the mixed standard solutions of free cobalt (0, 0.05, 0.1, 0.2, 0.5, 0.8,
and 1.0 µg/L) and cyanocobalamin (0, 1.0, 2.0, 5.0, 8.0, 10.0, and 20.0 µg/L) were prepared
for seven-point calibration curves. The correlation coefficients were evaluated to a fit of at
least 0.999. Previous studies have investigated the LOD and LOQ using different statistical
methods, such as the standard deviation of the response and the slope, to determine these
values. The equation LOD = 3.3 σ/S and LOQ = 10 σ/S is employed in the objective,
where σ represents the standard deviation of the response and S indicates the slope of the
calibration curve [35]. Another approach includes determining the concentrations that
produce a signal (peak area) three or ten times greater than the sample matrix blank in the
chromatogram [36]. In order to determine the sensitivity of the LOD and LOQ, it is essential
to utilize a sample matrix devoid of cyanocobalamin. Due to the cyanocobalamin contained
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in the milk powder, it is essential to dilute the sample extract. However, the matrix
effect has alterations when the sample matrix is diluted, resulting in unrepresentative
results for the LOD and LOQ. Consequently, the lowest calibration concentration that
provides a chromatographic signal with a signal-to-noise (S/N) ratio of 3 or 10, respectively,
is determined to be the LOD and LOQ. The accuracy of the method was assessed by
analyzing certified reference substances and determining the percentage of cobalt species in
the spiked milk powder. The milk powder was spiked with free cobalt at concentrations of
0.5, 1.0, and 4.0 µg/kg and with cyanocobalamin at concentrations of 10, 25, and 50 µg/kg.
Six replicates were analyzed for each concentration level. Repeatability was determined by
monitoring the RSDr (intra-day precision) for the spiked samples at each spiking level on
the same day; each sample was measured six times.

3.6. Sample Experiments

Precipitants for protein were prepared by dissolving 106 g of potassium ferrocyanide
in deionized water and diluting it to a volume of 1000 mL. Similarly, 220 g of zinc acetate
was dissolved in deionized water, along with 30 mL of acetic acid, and diluted to a volume
of 1000 mL [31]. A 2.0 g (accurate to 0.0001 g) sample was weighed. Subsequently, 1.0 mL
of potassium ferrocyanide solution and 1.0 mL of zinc acetate solution were introduced,
and 8 mL of deionized water was added. The solution was ultrasonicized at a temperature
of 30 °C for 40 min and centrifuged at a speed of 4000 r/min for 3 min. The supernatant
was filtered through a 0.20 µm hydrophilic membrane before its injection into the HPLC-
ICP-MS system. Simultaneously, each set of samples was processed alongside a procedural
blank, determined using the HPLC-ICP-MS method. The blank effectively eliminated
false positives caused by contamination in the extraction process, instrument, or chemicals.
The samples were also digested completely using a pressurized microwave digestion
procedure using nitric acid. The milk powder samples (0.3 g) were weighed into closed
Teflon PFA vessels. Moreover, 5 mL of nitric acid was added, and the vessels were heated
in a microwave digestion instrument to decompose the sample. The microwave digestion
program was as follows: (1) ramp time of 40 min, power of 1300 W, and temperature
of 185 ◦C; (2) hold time of 30 min, power of 1300 W, and temperature of 185 ◦C. After
cooling, the digests were transferred to a 15 mL centrifuge tube, diluted with deionized
water to reach the volume, and subsequently introduced into the ICP-MS for total cobalt
concentration analysis. Three procedural blanks were prepared for each digestion run
using an acid matrix identical to that used for sample preparation.

4. Conclusions

This study developed an analytical method using HPLC-ICP-MS to determine vitamin
B12 in milk powder samples. 59Co was employed as the analytical target for cyanocobal-
amin. It was separated using a Phenomenex Luna 5 µm C18 (250 × 4.6 mm) chromato-
graphic column, with a mobile phase consisting of 1.6 mmol/L EDTA and 0.4 mmol/L
KH2PO4 in a 60% v/v methanol solution (pH = 4.0). Two cobalt species were determined
within 4 min. An equal volume of potassium ferrocyanide and zinc acetate solutions were
used as protein precipitators. The LOD for vitamin B12 was 0.63 µg/kg, whereas the LOQ
was 2.11 µg/kg. This method provides a fast, simple, and highly sensitive separation
technique for cobalt species in milk powder. Additionally, it fulfills the standard detection
criteria for vitamin B12 in milk powder samples. The developed technique can also be
applied to quantify trace amounts of cobalamin in different food samples.

Author Contributions: Conceptualization, Y.Y.; methodology, C.Z.; software, Y.Y.; validation,
Y.Y., C.Z. and B.Z.; formal analysis, Y.Y.; investigation, Y.Y.; resources, Y.Y.; data curation, Y.Y.;
writing—original draft preparation, Y.Y.; writing—review and editing, C.Z.; visualization, B.Z.; su-
pervision, C.Z.; project administration, C.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.



Molecules 2024, 29, 1795 11 of 12

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yang, F.Y.; Jiang, S.J.; Sahayam, A.C. Combined use of HPLC-ICP-MS and microwave-assisted extraction for the determination of

cobalt compounds in nutritive supplements. Food Chem. 2014, 147, 215–219. [CrossRef]
2. Bell, D. Metformin-induced vitamin B12 deficiency can cause or worsen distal symmetrical, autonomic and cardiac neuropathy in

the patient with diabetes. Diabetes Obes. Metab. 2022, 24, 1423–1428. [CrossRef]
3. Yu, Y.M.; So, S.; Khallouq, B.B. The effect of metformin on vitamin B12 level in pediatric patients. Ann. Pediatr. Endocrinol. Metab.

2022, 27, 223–228. [CrossRef]
4. Schroder, T.H.; Quay, T.A.; Lamers, Y. Methylmalonic acid quantified in dried blood spots provides a precise, valid, and stable

measure of functional vitamin B-12 status in healthy women. J. Nutr. 2014, 144, 1658–1663. [CrossRef]
5. Nandyala, S.; Mohamed, A.; Bhargava, A.; Chaurasia, S.; Senthil, S.; Vaddavalli, P.K. Vitamin B12 deficiency in a large cohort of

healthcare professionals across the network of an eyecare organization in India. Indian J. Ophthalmol. 2022, 70, 1718–1721.
6. Karve, M.; Gholave, J.V. Solid-phase extraction and atomic absorption spectrometric determination of cobalt using an octadecyl

bonded silica membrane disk modified with Cyanex 272. J. AOAC Int. 2011, 94, 627–633. [CrossRef]
7. GB 10765-2021; National Standard for Infant Formula. National Health and Commission of PRC: Beijing, China, 2021.
8. Joint FAO/WHO Codex Alimentarius Commission; World Health Organization; Food and Agriculture Organization of the

United Nations. Standard for Canned Baby Foods; World Health Organization: Rome, Italy, 2017.
9. GB/T 5009.217-2008; National Standard for Food Safety Determination of Vitamin B12 in Health Foods. Ministry of Health of the

PRC: Beijing, China, 2008.
10. Fan, D.; Zhang, Y.; Wu, H. Development of a simple and sensitive HPLC-DAD method for quantification of vitamin B12 fortified

in infant food. Anal. Methods 2021, 13, 4920–4925. [CrossRef]
11. Guggisberg, D.; Risse, M.C.; Hadorn, R. Determination of Vitamin B12 in meat products by RP-HPLC after enrichment and

purification on an immunoaffinity column. Meat Sci. 2012, 90, 279–283. [CrossRef]
12. Greibe, E.; Nexo, E. Forms and Amounts of Vitamin B12 in Infant Formula: A Pilot Study. PLoS ONE 2016, 11, e165458. [CrossRef]
13. Hampel, D.; Shahab-Ferdows, S.; Domek, J.M.; Siddiqua, T.; Raqib, R.; Allen, L.H. Competitive chemiluminescent enzyme

immunoassay for vitamin B12 analysis in human milk. Food Chem. 2014, 153, 60–65. [CrossRef]
14. Zhu, X.; Wang, X.; Zhang, C.; Wang, X.; Gu, Q. A riboswitch sensor to determine vitamin B12 in fermented foods. Food Chem.

2015, 175, 523–528. [CrossRef]
15. Campos-Gimenez, E.; Fontannaz, P.; Trisconi, M.J.; Kilinc, T.; Gimenez, C.; Andrieux, P.; Nelson, M. Determination of vitamin B12

in infant formula and adult nutritionals by liquid chromatography/UV detection with immunoaffinity extraction: First Action
2011.08. J. AOAC Int. 2012, 95, 307–312. [CrossRef]

16. Gimenez, E.C.; Martin, F. Vitamin B(12) (cyanocobalamin) in Infant Formula Adult/Pediatric Nutritional Formula by Liquid
Chromatography with Ultraviolet Detection: Collaborative Study, Final Action 2014.02. J. AOAC Int. 2018, 101, 1112–1118.
[CrossRef]

17. Nshime, B.; Koedam, J.; Stanton, B.; Tran, Q.; Chen, P. Liquid Chromatography Method for the Simultaneous Quantification of
Biotin and Vitamin B12 in Vitamin B Supplements. J. AOAC Int. 2019, 102, 445–450. [CrossRef]

18. Matsumoto, T.; Takebayashi, J.; Ishimi, Y.; Ozawa, C.; Sano, A.; Hirota, T.; Endoh, K. Evaluation of cyanocobalamin in multivitamin
tablets and their Standard Reference Material 3280 by HPLC with visible detection. J. AOAC Int. 2012, 95, 1609–1613. [CrossRef]

19. AOAC. Vitamin B12—A review of analytical methods for use in food Government Chemist Programme Report. In National
Measurement System; Report No. LGC/R/2014/378; AOAC: London, UK, 2015.

20. Whitlock, L.L.; Melton, J.R.; Billings, T.J. Determination of Vitamin B12 in Dry Feeds by Atomic Absorption Spectrophotometry.
J. Assoc. Off. Anal. Chem. 1976, 59, 580–581. [CrossRef]

21. Francis, D.T.; Verma, S.; Bhatia, P.; Vaidya, P.C.; Sankhyan, N. Trace Element Status in Children with Infantile Tremor Syndrome:
An Inductively Coupled Plasma-Mass Spectrometry Based Study. Indian J. Pediatr. 2020, 87, 221–223. [CrossRef]

22. Szterk, A.; Roszko, M.; Malek, K.; Czerwonka, M.; Waszkiewicz-Robak, B. Application of the SPE reversed phase HPLC/MS
technique to determine vitamin B12 bio-active forms in beef. Meat Sci. 2012, 91, 408–413. [CrossRef]

23. Kesava Raju, C.S.; Yu, L.L.; Schiel, J.E.; Long, S.E. A simple and sensitive LC-ICP-MS method for the accurate determination of
vitamin B12 in fortified breakfast cereals and multivitamin tablets. J. Anal. At. Spectrom. 2013, 28, 901. [CrossRef]

24. Liu, Z.; Xue, A.; Chen, H.; Li, S. Quantitative determination of trace metals in single yeast cells by time-resolved ICP-MS using
dissolved standards for calibration. Appl. Microbiol. Biotechnol. 2019, 103, 1475–1483. [CrossRef]

25. Dubascoux, S.; Richoz, P.J.; Sylvain, P.; Nicolas, M.; Campos, G.E. Vitamin B12 quantification in human milk—Beyond current
limitations using liquid chromatography and inductively coupled plasma—Mass spectrometry. Food Chem. 2021, 362, 130197.
[CrossRef]

https://doi.org/10.1016/j.foodchem.2013.09.141
https://doi.org/10.1111/dom.14734
https://doi.org/10.6065/apem.2142210.105
https://doi.org/10.3945/jn.114.194829
https://doi.org/10.1093/jaoac/94.2.627
https://doi.org/10.1039/D1AY01118A
https://doi.org/10.1016/j.meatsci.2011.07.009
https://doi.org/10.1371/journal.pone.0165458
https://doi.org/10.1016/j.foodchem.2013.12.033
https://doi.org/10.1016/j.foodchem.2014.11.163
https://doi.org/10.5740/jaoacint.CS2011_08
https://doi.org/10.5740/jaoacint.17-0452
https://doi.org/10.5740/jaoacint.18-0029
https://doi.org/10.5740/jaoacint.11-417
https://doi.org/10.1093/jaoac/59.3.580
https://doi.org/10.1007/s12098-019-03176-z
https://doi.org/10.1016/j.meatsci.2012.02.023
https://doi.org/10.1039/c3ja30383g
https://doi.org/10.1007/s00253-018-09587-w
https://doi.org/10.1016/j.foodchem.2021.130197


Molecules 2024, 29, 1795 12 of 12
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36. Marković, S.; Levstek, L.; Žigon, D.; Ščančar, J.; Milačič, R. Speciation and Bio-Imaging of Chromium in Taraxacum Officinale
Using HPLC Post-Column ID-ICP-MS, High Resolution MS and Laser Ablation ICP-MS Techniques. Front. Chem. 2022, 10, 863387.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/c0ja00119h
https://doi.org/10.1039/C3JA50272D
https://doi.org/10.1016/j.jmsacl.2022.12.005
https://doi.org/10.1007/s12011-017-1055-6
https://doi.org/10.1016/j.clinbiochem.2020.05.002
https://doi.org/10.1016/S0003-2670(97)00679-X
https://doi.org/10.1093/jaoac/94.4.1217
https://doi.org/10.1016/j.chroma.2018.06.024
https://doi.org/10.3390/separations11030083
https://doi.org/10.3389/fchem.2022.863387
https://www.ncbi.nlm.nih.gov/pubmed/35692691

	Introduction 
	Results and Discussion 
	Optimization of Chromatographic Conditions 
	Selection of Chromatographic Column 
	Selection of Mobile Phase 

	Optimization of Pretreatment Conditions 
	Figures of Merit 
	Accuracy of Method 
	Analysis of Real Samples 

	Materials and Methods 
	Sample Source 
	Instruments and Reagents 
	Chromatographic Conditions of HPLC 
	Mass Spectrometry Conditions of ICP-MS 
	Method Validation 
	Sample Experiments 

	Conclusions 
	References

