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Abstract

Vitamin B, (thiamine) is one of the organic micronutrients essential for growth of algae. However, there is no
direct method for the quantification of this vitamin in natural waters. Bioassay is the only protocol currently avail-
able to measure B, in the marine environment. We have developed a new method for the direct determination of
B,, along with vitamin B,, (cobalamin) in seawater. Solid-phase extraction with a column of C ; resin followed by
elution with methanol was used to extract dissolved B, from seawater. The eluted vitamin was then analyzed by
reversed phase high-performance liquid chromatography (HPLC) using ammonium acetate (0.05 M) and
methanol as mobile phases in pressure gradient mode. Ultraviolet-visible (UV-Vis) detection at 270 nm was used
to quantify B, levels. The calibration curve was linear from 0 to 0.60 uM and the detection limit of the protocol
was on the order of 0.083 pM. This new method was successfully applied to the determination of vitamin B, in fil-
tered coastal seawater, porewater, and river water samples. Concentrations of vitamin B, in those aquatic envi-
ronments ranged from 0.15 nM in river to 0.75 nM in porewaters, with spike recoveries ranging from 93% to 98%.

Along with light, temperature, and nutrient availability
(e.g., N, P, Si, Fe, Zn, Co), phytoplankton growth in the marine
environment depends on the presence of vitamins (e.g., Prova-
soli 1963). Those essential vitamins include vitamin B, (cobal-
amin), vitamin B, (thiamine), and biotin. Vitamins B, and B,
appear to be required alone or in combination by most algal
species (Provasoli 1963). Among the four phytoplankton func-
tional groups that dominate the global ocean (diatoms, coccol-
ithophores, chlorophytes, and cyanobacteria; Gregg et al. 2003),
cyanobacteria require only vitamin B,,, while diatoms and
chlorophytes may also require B, for optimum growth (Prova-
soli and Carlucci 1974). Coccolithophores such as Coccolithus
huxleyi produce vitamin B, but require B, (Carlucci and Bowes
1970; Turner 1979). The different vitamin requirements of the
distinct phytoplankton groups suggest that species composi-
tion and distribution in the world ocean may be influenced by
the bioavailability of these organic compounds.

While extensive research on the organic regulation of phy-
toplankton fertility was carried out between the 1960s and the
early 1980s (e.g., Vishniac and Riley 1961; Provasoli 1963;
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Natarajan and Dugdale 1966; Gold et al. 1966; Natarajan
1968, 1970; Carlucci and Silbernagel 1969; Carlucci and Bowes
1970; Ohwada and Taga 1969, 1972; Carlucci and Cuhel 1975;
Swift 1981), no recent study has experimentally addressed the
importance of vitamins in the world ocean. The lack of a sim-
ple method for the direct determination of vitamins in seawa-
ter has hindered our understanding of the ecological role of
these compounds in the marine environment. Although sev-
eral methods for vitamin separation and quantification in
pharmaceuticals, food, and biological fluids have been pub-
lished (e.g., Ivanovic et al. 1999; Moreno and Salvado 2000;
Markopoulo et al. 2002; Lynch and Young 2002), vitamin
determinations in seawater have been carried out only by an
indirect, time-consuming microbial assay (Carlucci 1966). In
this paper, we describe a new direct method for determining
vitamin B, levels in seawater. This protocol is similar to the
vitamin B,, method that we have recently developed
(Okbamichael and Safiudo-Wilhelmy 2004). In fact, the pres-
ent protocol allows for the simultaneous measurements of
vitamins B, and B,, in the same water sample.

Materials and procedures

Equipment and reagents—A high-performance liquid chro-
matography (HPLC) (Shimadzu Corporation) equipped with two
pumps (LC-10AD), a degassing unit (DGU-14A), an ultraviolet-vis-
ible (UV-Vis) spectrometer (SPD-10AV), an auto-sampler (SIL-
10A), along with a class VP program were used to record chro-
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matographs and calculate peak heights of vitamin B,. The HPLC
column used was a reversed-phase Premier C ; (150 x4.6 mm, S um)
from Shimadzu. High-purity water obtained through a Milli-Q
purification system was used in all procedures. HPLC grade
methanol and ammonium acetate were obtained from Fisher
Scientific. Vitamin B, standard was obtained from Alexis Bio-
chemicals. Polypropylene columns with porous polyethylene
support used in the solid-phase extractions were available from
Bio-Rad Lab and the 17% High Capacity C,, resin (HF Bondesil;
120 um) was obtained from Varian Inc.

Solid-phase extraction protocol—Vitamin B, was extracted from
seawater following the procedures developed for the solid-phase
extraction of vitamin B, (Okbamichael and Safiudo-Wilhelmy
2004). A preconcentration system was set up using a peristaltic
pump with rotor heads (Cole-Parmer, Masterflex, Model 7553-12,
1-100 rpm), polypropylene preconcentration columns and Teflon
tubing that extended from the head of the column into the bot-
tom of a 2 L polycarbonate bottle reservoir. The set-up was
designed to process four samples simultaneously, using four peri-
staltic heads per pump. About 5 mL of the C, resin was cleaned
and conditioned by immersing it in 10 mL methanol (100%) that
formed a cloudy suspension (slurry). The slurry of C, resin was
loaded into the column, left standing for about 1 h to elute the
methanol and then washed with 20 mL of Milli-Q water. The pH
of the filtered (<0.2 um) seawater samples to be analyzed for B,
was adjusted to values between 5 to 8 by adding appropriate
amounts of HCI (1 M). The sample was passed through the resin
at various flow rates of 1 to 5 mL min-. The resin was then rinsed
with 20 mL of Milli-Q water to eliminate any salt. Sample elution
was carried out by passing three to five aliquots of 5 mL methanol
each through the resin in the column. Fach 5-mL aliquot of
eluted vitamin was collected in a separate beaker that was pre-
washed with methanol and rinsed with Milli-Q water.

HPLC determination of vitamin B,—To eliminate any inter-
ference of hydrophobic organic compounds that were co-
eluted with the methanol, a 1-mL aliquot of each 5-mL eluent
was transferred into a 1.5 mL HPLC vial and evaporated by
purging with nitrogen. The residue was redissolved in 1 mL
Milli-Q water for HPLC quantification. The detection of B, was
carried out using reversed phase HPLC, following the chro-
matographic conditions described for vitamin B, determina-
tions (Okbamichael and Safiudo-Wilhelmy 2004). The mobile
phase of the HPLC system consisted of 0.05 M ammonium
acetate (solvent A) and 100% methanol (solvent B). A pressure
gradient mode with proportions of A:B equal to 92.5:7.5 in the
range O to 1.5 min, 84:16 at 1.6 min, and 70:30 at 15 min was
used during the analysis of B,. The total flow rate of the
mobile phase was 1 mL min! and the sample volume injected
was 40 uL. Vitamin B, was detected at 270 nm using the UV-Vis
detector. Purging of the line and auto-sampler was carried out
using a 1:1 mixture of Milli-Q water and HPLC grade
methanol at the end of sample analyses each day. The HPLC
column and flow cell of the UV-Vis detector were also cleaned
with Milli-Q and methanol for about 15 min each, biweekly.
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Sample collections—Once the optimum conditions for max-
imum recovery were established, the method was applied to
the determination of vitamin B, in filtered coastal seawater,
porewater, and river water samples. Seawater samples were col-
lected in January and April 2004 from the tidal channel con-
necting Stony Brook Harbor with Long Island Sound. Porewa-
ters and surface sediment (the top 1 cm) were obtained from
Flax Pond, New York, in April 2004. River samples were col-
lected in the Peconic River in April and June 2004. Additional
samples were also collected from 7 sites along a salinity gradi-
ent in the Peconic River estuary in June 2004. All of the sam-
pling locations are located in Long Island, New York.

The samples were filtered with acid-washed polypropylene
filters (0.2 um) and collected in acid-washed, dark 2-L poly-
ethylene bottles. Replicate or triplicate samples from these
sites were analyzed with and without spiking with known
amounts of B,. Water samples were also extracted, dried by
purging with nitrogen, stored frozen in the dark, and analyzed
after 60 d to evaluate the effect of storage on vitamin levels.

Assessment

Method development—Vitamin B, was detected at an HPLC
retention time of about 4 min (Fig. 1A), with minor variations
on daily basis because of temperature fluctuations in the lab-
oratory (Moreno and Salvado 2000). The B, peak in the chro-
matograph was confirmed by spiking filtered seawater, which
contained 0.18 nM of the vitamin, with different levels of B,
(0.074, 0.15, and 0.30 nM). As shown in Fig. 1B-D, the reten-
tion time of B, was the same in all of the spiked samples, and
the signal was proportional to the amount of B, in each sam-
ple. Although these results strongly suggest that the peak
detected at 4 min is vitamin B, additional experiments using
other independent analytical approaches (e.g., LC-MS) are
needed to definitively confirm the identity of that peak. The
calibration curve for B, was linear within the concentration
range of O to 0.60 uM (Fig. 2). This concentration range is
within the same order of magnitude of the samples measured
in this study, after preconcentration onto the C,, resin. The
detection limit (defined as 3 times the standard deviation of
the procedural blank) was about 0.083 pM. The reproducibil-
ity of the analysis was excellent, as the coefficient of variation
for triplicate measurements was less than 3%.

Although it is likely that other organic compounds are
being coeluted with B, during the solid-phase extraction,
any interference from those unknown compounds was min-
imized by (1) purging the methanol and redissolving the
residue in Milli-Q water to remove any interferences from
hydrophobic compounds such as peptides and aromatics
(Jeffrey et al. 1999), (2) selecting a specific wavelength, 270 nm
for B,, that precludes any interference from micro-algal
pigments and CDOM that absorb between 280-380 nm
(Jeffrey et al. 1999), and (3) increasing the specificity for B,
during the gradient mode of the HPLC detection (Moreno
and Salvado 2000).
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Fig. 1. HPLC chromatograms of vitamin B, (A = 270 nm; retention time ~4 min). (A) B, standard in Milli-Q water (0.59 nM) and (B-D) in seawater con-
taining 0.18 nM of the vitamin and spiked with different levels of B, (0.074, 0.15, and 0.30 nM, respectively). As shown in Fig. 1B-D, the retention time
remained the same for all the spiked samples and the instrument’s signal was linear with respect to concentration (AU = 0.14, 0.18, and 0.27 for B, levels of
0.25,0.33, and 0.47 nM, respectively). As confirmed by analyzing seawater devoid of B, (rendered vitamin free by passing it through the C,, resin), the base-
line drift observed in the chromatograms was caused by seawater background absorbance and, hence, it was accounted for in peak height estimations.

During the solid phase extraction, the maximum recovery
of B, (96% to 98%) was obtained within a pH range between
6.1 and 6.7, and a sample flow rate of 1 mL min-!. The effect
of the pH on the recovery of B, may be attributed to solvent-
exchange reactions in the seawater sample, the C,, resin, and
the methanol, as pH affects the ionic strength of the medium
(Stumm and Morgan 1996) and the surface characteristics of
the C ; resin. The effect of the flow rate on the extraction yield
suggests that the lower the flow rate, the longer the contact
time that is available for the exchange reaction between the
vitamin and the resin. More than 99% of B, was recovered
with the first three 5-mL aliquots of methanol during the elu-
tion of the solid-phase extraction.

As there is no standard reference material for vitamin B, in
seawater, spike experiments were carried out to test the recovery

of the current method. Different concentrations of B, (0.074,
0.15, and 0.30 nM) were added to filtered seawater samples with
known initial B, levels from Stony Brook Harbor channel and
the Peconic River. The recovery of B, in those spiked samples
ranged from 93% to 98% (Table 1). Furthermore, a 96% + 1%
recovery was obtained in dried methanol aliquots stored frozen
for 2 mo and redissolved in 1 mL of Milli-Q water, whereas only
76% + 2% was recovered when the dried aliquots were stored
refrigerated (Table 1). This is crucial for the measurement of B,
in the open ocean, where samples are collected during oceano-
graphic cruises that may last several months, and where it is
impractical to store large numbers of frozen samples. Because B,
is stable from pH 2 to 4 (Kawasaki and Sanemori 1985), samples
may be preserved by acidification. However, further studies
need to evaluate that preservation option.
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Fig. 2. Calibration curve for vitamin B,. Linearity was established using the
least squares method in standard concentration ranges of 0 to 0.60 uM.

The general protocol for the analysis of B, in seawater can
be summarized as follows: collection of filtered water, pH
adjustment of the water sample to be analyzed (between 6.1
and 6.7), loading of the sample onto 5§ mL C,; resin at a flow
rate of 1 mL min™!, rinsing of the C,, resin before sample-
elution with 20 mL of Milli-Q water, B, elution with three
aliquots of 5 mL methanol each, volatizing 1 mL of each 5 mL
eluent to dryness with nitrogen, redissolving the B, extracted
in 1 mL Milli-Q water, and HPLC detection at 270 nm. Deter-
mination of ambient B, at concentrations lower than those
measured here could presumably be attained by preconcen-
trating higher volumes of seawater on the C,, resin. Therefore,
the preconcentration using solid phase extraction renders the
method applicable to detect almost any levels of B, in natural
waters. Additional concentration factors could also be attained
by redissolving the dried methanol aliquots in less than 1 mL
Milli-Q water, as only 40 uL is injected into the HPLC, or by
drying more than 1 mL of the eluent. Similarly, lower sample
volumes could be used in environments where vitamin levels
are expected to be higher. For example, we measured 0.31 nM of
B, in a 1-L sample collected from the Peconic River and 0.75 nM
in 100 mL porewater extracted from Flax Pond, New York.

Application of the method to natural waters—Concentrations
of vitamin B, in coastal and river water samples ranged from
0.23 to 0.31 nM (Table 1). The higher concentrations of B, were
measured in samples from the Peconic River (0.31 £ 0.01 nM;
mean + 1 standard deviation) and seawater from Stony Brook
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Table 1. Concentrations of vitamins B, and B, in surface waters
collected in Stony Brook Harbor channel in January (SBHC-Jan)
and April 2004 (SBHC-Apr), and in the Peconic River (PeconicR-Apr)

in April 2004

Recovery

Sample B, (nM) B,, (nM) (%)
SBHC-Jan 0.294 £ 0.009 0.048 £ 0.001 95-98
SBHC-Jan + 100 0.579 £ 0.010 0.119 £ 0.003

SBHC-Apr 0.233 £ 0.005 0.050 £ 0.002 93-98
SBHC-Apr + 50 0.382 £ 0.010 0.084 + 0.002

PeconicR-Apr 0.308 £ 0.009 0.053 £ 0.001 93-97
PeconicR-Apr + 25 0.367 £ 0.004 0.071 £ 0.002

Frozen 0.285 + 0.004 0.073 £ 0.001 93-97
Refrigerated 0.227 £ 0.008 0.056 £ 0.002 74-78

They were spiked with 0.074 (PeconicR-Apr + 25), 0.15 (SBHC-Apr + 50),
and 0.30 nM (SBHC-Jan + 100). The recovery of the simultaneous analy-
sis of vitamins B, and B, in the spiked samples ranged from 93% to 98%.
Included are concentration of vitamin B, and B,, in seawater from Stony
Brook Harbor channel analyzed after being dried and stored for 60 d refrig-
erated and frozen. The similar levels of B, and B,, measured before and
after freezing (93%-97%) indicated that water samples can be preserved
by drying and freezing for 2 mo without significant losses of B, and B,,,
whereas refrigeration yields lower recoveries (74%-78%).

Harbor channel collected in January 2004 (0.29 £ 0.01 nM).
Lower levels were detected at the tidal channel of Stony Brook
Harbor during April 2004 (0.23 £ 0.01 nM). These results were
consistent with the characteristics of the sampling sites and the
sampling time. For example, the high concentration of B, in
the shallow (0.5 m), stagnant Peconic River can likely be attrib-
uted to the high bacterial activity observed in that environ-
ment (Breuer et al. 1999). This is consistent with the bacterial
production of vitamin B, (Burkholder and Burkholder 1956;
Provasoli 1963). Furthermore, our sediment resuspension
experiments indicated that sediments are an important source
of B, in shallow environments (see following section).

The concentration of vitamin B, measured at the channel
of Stony Brook Harbor in January was higher than that mea-
sured in April (Table 1). This could be the result of the higher
biological uptake of this vitamin by phytoplankton during the
spring bloom. This temporal trend is consistent with decreas-
ing vitamin B, concentrations from winter to spring reported
for the Gulf of Maine (Swift 1981).

Stability of vitamin B, in seawater—We carried out a series of
laboratory incubation experiments to establish the stability of
B, in seawater, as this vitamin is unstable at alkaline pH
(Jansen 1972). In these laboratory experiments, levels of B,
were measured at the beginning of the experiment and at 6,
12, 24, and 48 h in seawater of slightly alkaline pH (7.5) col-
lected at Stony Brook Channel and incubated at room tem-
perature (Fig. 3). Those results showed that about 70% of the
initial B, concentration was hydrolyzed within 6 h. By 12 h,
most of the vitamin (90%) was decomposed. As the incubated
seawater was not filtered, biological uptake of B, could not be
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Fig. 3. Concentrations of B, in porewater, surface seawater, and sediment-
overlying seawater under light and dark conditions. In each treatment (light
and dark conditions), about 300 g of freshly collected sediments were
added to polycarbonate containers filled with 0.2 um filtered seawater and
incubated for 48 h at room temperature. Sub-samples of 500 mL each were
collected at the beginning of the experiment and at 6, 12, 24, and 48 h
from each treatment. At each time of subsampling, sediments were resus-
pended by manual shaking and the water sample was filtered. The results
of these experiments were compared against seawater controls. Porewater
from the sediments used in the laboratory incubations was also extracted
by centrifugation and analyzed for B, using our new protocol.

ruled out. However, these results are consistent with those
reported by Gold et al. (1966) showing that about 80% of B,
in seawater was destroyed within 12 h.

The lability of B, is also suggested by our laboratory results
of seawater (pH ~7.8) spiked with Flax Pond sediments and
incubated under light and dark conditions (Fig. 3). In those
experiments, between 85% and 92% of the vitamin was also
removed within 12 h, most likely due to alkaline hydrolysis
and/or biological uptake. The slight difference in the levels of
B, (10%-15%) measured in samples incubated under light and
dark conditions suggests that the effect of light on the decom-
position of this vitamin may not be highly significant (Fig. 3).

The importance of sediment resuspension on B, levels in
coastal environments was also studied by measuring dissolved B,
in our sediment addition treatments (Fig. 3). The concentration
gradient between porewater (0.75 nM) and seawater (0.18 nM)
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Fig. 4. Simultaneous determination of vitamins B, and B, in surface
waters of the Peconic river estuary and Stony Brook Harbor.

suggests a strong diffusive flux from the sediments to the water
column. Furthermore, the significant increase in B, levels (50%
to 60%) after shaking the incubation chambers containing sed-
iments suggests that sediment resuspension events are likely to
influence the level of this vitamin in shallow waters.

Simultaneous determination of vitamins B, and B,, in seawa-
ter—Dissolved water samples collected in the Peconic River
estuary and Stony Brook Harbor were analyzed for vitamins
B, and B, (Fig. 4). The simultaneous determination of both
vitamins is feasible because the sampling, storage, and pre-
concentration protocols for B, and B, are the same; the only
difference is that B, quantification in the HPLC is carried out
at a wavelength of 270 nm while B, is detected at 362 nm
(Okbamichael and Safiudo-Wilhelmy 2004).

The recovery of B, and B, in spiked seawater from Stony
Brook Harbor and the Peconic River analyzed simultaneously
was excellent (93% to 98%; Table 1). The significant linear cor-
relation between B, and B, levels (* = 0.78, P < 0.05) observed
in the different environments sampled during this study sug-
gests a similar biogeochemical behavior of both vitamins in
the aquatic environment. The non-zero intercept is consistent
with the higher stability of B, with respect to B, at the ambi-
ent pH in the aquatic environment ranging from 5 to 8
(Kawasaki and Sanemori 1985; Lindemans and Abels 1985).

In summary, we have developed a direct method for the
determination of vitamin B, in seawater. This new protocol
involves a solid-phase extraction technique for separation and
preconcentration of the vitamin. Gradient elution with UV-Vis
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detection using reversed phase HPLC was used to quantify vita-
min B, in seawater. This method is sensitive, simple, and accu-
rate and provides the first direct quantification of B, in seawater.
The technique was successfully applied to the determination of
B, along with vitamin B, in coastal seawater, porewater, and
river water samples from around Long Island, New York. This
new method can be employed as a routine analytical tool for the
accurate determination of dissolved vitamins B, and B, in sea-
water, which is essential for understanding the cycling and eco-
logical roles of those vitamins in the marine environment.
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