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Folic acid was separated under aqueous normal phase (ANP) conditions with Diamond Hydride™
columns and quantitated in fortified cereal and juice matrices using high performance liquid chromatog-
raphy/ultraviolet absorption (HPLC-UV) and liquid chromatography/mass spectrometry (LC-MS) based

Keywords: ) methodologies. The folic acid was well-resolved from matrix components under the ANP conditions stud-

Food analysis ied and allowed for the direct analyses of the fortified juices and cereals without the sample cleanup that

éﬁTMi drid is often required for other reported LC-based approaches. The calibration curve obtained from the LC-MS
1l1ca hydride

analyses demonstrated good linearity (R?> =0.9997) in the studied concentration range of 0.05-0.5 mg|/L.
The spiked flour percent recovery was 90% with HPLC-UV and 91% with LC-MS. Spiked juice percent recov-
ery was 102% with LC-MS. However, analyses of juices were unsatisfactory either in terms of recovery
or sensitivity. Therefore, analyses of juices will either need to be performed by LC-MS or, if by HPLC-UV,

will require sample cleanup. Three cereals and one juice were analyzed with the methods.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Folic acid (pteroyl-L-monoglutamic acid) is a member of a bio-
logically important class of compounds known as folates and is
added to many foods and beverages by what is referred to as for-
tification. As shown in Fig. 1, folic acid consists of a pterin ring
moiety, a methylene bridge, and a para-aminobenzoic acid (PABA)
residue with a peptide bond to a glutamic acid residue. In con-
trast to the synthetically produced folic acid, naturally occurring
folates are typically in a reduced form and have multiple glutamyl
residues [1]. These differences have important consequences that
illustrate why folic acid was chosen for fortification instead of nat-
urally occurring forms; the fully oxidized, conjugated pterin ring of
folic acid makes the compound more stable than natural folates and
therefore increases its shelf life. Also, ingested folates with multi-
ple glutamyl residues must be hydrolyzed to monoglutamyl forms
in order to cross the cell membrane [2]. Hence, a monoglutamyl
folate has greater bioavailability than a homologous polyglutamyl
one [3].

Folate metabolites play a vital role in nutrition. For instance,
deficiency of folates in the diet leads to an accumulation of homo-
cysteine, since the folate metabolite 5-methyl-tetrahydrofolate
(mTHF) is required for remethylation of homocysteine to methio-
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nine by methionine synthase [4]. Elevated levels of homocysteine,
in turn, have been shown to inhibit purine biosynthesis [5]. The
methionine produced is needed for reaction with adenosine-
5'-triphosphate (ATP) to form the methyl donor S-adenosyl
methionine (SAM). Folate deficiency also leads to lowered amounts
of 5,10-methylenetetrahydrofolate, which is needed for the conver-
sion of deoxyuridine to thymidylate [6]. SAM and thymidylate play
key roles in DNA methylation and synthesis respectively.

Due to the important biochemical role that folic acid plays,
numerous health benefits are associated with adequate folate con-
sumption. The most notable of these is the reported significant
reduction of neural tube defects in developing embryos [7]. For
this reason, folic acid fortification of grain-based products such as
cereals has been mandatory in the U.S. since 1998 [8]. In addition,
many juices are also being fortified, although their fortification is
not mandatory in the U.S. at this time. Currently, the recommended
daily value (RDV) of folic acid is 400 g, and the folate content of
a given food or beverage is listed as a percentage of the RDV per
serving.

Despite the well-documented health benefits of folate con-
sumption, some concerns have been raised regarding the
fortification program. For example, in order to be converted into
metabolically active tetrahydrofolate (THF), folic acid is reduced
in a two-step process by dihydrofolate reductase (DHFR). The
first step, reduction to 7,8-dihydrofolate, has been shown to be
extremely slow due to the difficulty of reducing the highly con-
jugated pterin ring of folic acid [9]. The low activity of DHFR in
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Fig. 1. Structure of folic acid.

this step means that, above a certain intake threshold, folic acid
can accumulate in the body. Indeed, unmetabolized folic acid has
been detected in plasma [10], breast milk [11], and even cord blood
and serum of newborn infants [12]. In light of findings such as
these, there has been some concern that this circulating unmetabo-
lized folic acid could have potential detrimental effects. Along these
lines, unmetabolized folic acid has shown correlation with reduced
natural killer cell cytotoxicity in postmenopausal women [13].

Another concern is that folic acid fortification could impair the
diagnosis of vitamin By, deficiency. According to the “methylfolate
trap” hypothesis [14], mTHF and homocysteine would accumulate
in aBqy-deficient individual since vitamin By, is required as a cofac-
tor for methionine synthase [15]. Consequently, less THF would be
available for DNA synthesis. This can lead to megaloblastic anemia,
which is one of the primary symptoms of vitamin By, deficiency.
However, since folic acid is reduced by DHFR in a two-step process
to THF, it can take part in DNA biosynthesis without first being con-
verted to mTHF, thus bypassing the methylfolate trap. Therefore,
an individual may have vitamin B1, deficiency without exhibiting
megaloblastic anemia.

To verify that the correct amount of folic acid has been added
to fortified products, reliable analytical methods are needed for its
quantitation. These methods have included microbiological assays
[16] and ion-pair [17] reversed phase (RP) HPLC techniques. How-
ever, the microbiological assay is not only time-consuming but is
limited in that it only quantifies total folates [18]. If native folates
are present, this would not be an appropriate analytical method for
quantifying only added folic acid.

Likewise, the HPLC methods typically require laborious sample
cleanup steps such as solid phase extraction (SPE) [17] or affinity
chromatography [19] in order to remove interfering components
from the sample matrix. However, the reported use of hydrophilic
interaction chromatography (HILIC) for the quantitation of folates
using LC/MS/MS eliminated the need for this type of sample pre-
treatment in the case of a plasma matrix; most of the interfering
matrix components eluted near the void volume while the highly
polar folates were substantially retained [20].

It was therefore of interest to investigate whether a similar
approach would be of use in analyses of folic acid in fortified prod-
uct matrices. Along these lines, we have investigated the use of
aqueous normal phase (ANP) chromatography for the quantita-
tion of folic acid in fortified juices and cereals. Unique to silica
hydride-based stationary phases, ANP has been shown to be a
highly effective technique in separations of polar compounds. ANP
is similar to HILIC in that retention is believed to be at least partly
due to analyte partitioning with a water layer adsorbed onto the
stationary phase surface in both techniques. In the case of HILIC,
this mechanism was first proposed by Alpert [21] and is beginning
to accumulate convincing experimental evidence [22]. The differ-

ence between the two techniques is that in ANP, the hydration shell
is believed to be much thinner; this is due to the lower polarity, and
therefore lower hydrophilicity, of the Si-H moiety compared to the
silanols or polar organic moieties responsible for water layer forma-
tion in HILIC. The lower hydrophilicity of silica hydride compared
to ordinary type B silica has been demonstrated, for example, by the
reversed phase retention of hydrophobic test solutes on underiva-
tized silica hydride [23]. The advantages arising from the difference
in layer thickness can be illustrated by considering the equation
for the stationary phase mass transfer term Hsp in the van Deemter
equation as modified by Snyder and Kirkland [24], which is given
by

(Gsd?u)
Ds

where C; is a constant which involves stationary phase transfer, Dg
is the diffusion of the solute in the stationary phase, u is the lin-
ear flow velocity, and d is the thickness of the film (the hydration
shell in this case). From Eq. (1), it can be shown that because the
value of df is lower in an ANP retention mechanism than in HILIC,
a less significant stationary phase mass transfer term results. This
contributes to a lower total plate height H. More detailed descrip-
tions of ANP behavior and silica hydride-based materials have been
published elsewhere [25-27].

In this work, Diamond Hydride™ LC columns were used for the
separations. One of a wide variety of silica hydride-based station-
ary phases, Diamond Hydride™ materials are comprised of a small
percentage of carbon (~2%) chemically bonded to a silica hydride
support. The hydride surface allows for ANP retention while the
hydrophobic attached carbon can be used in an RP mechanism.
In this manner, the columns can be used for retention of both
hydrophilic and hydrophobic analytes depending on the mobile
phase composition. Under ANP conditions, they have been found
to be especially useful in metabolomics applications [28-30], since
a given metabolome often contains a variety of polar species which
are difficult to retain and separate by conventional RP techniques.

Hsp = (M

2. Materials and methods
2.1. Materials

Folic acid and sodium L-ascorbate were obtained from
Calbiochem-Behring Corp. (La Jolla, CA, USA). Ammonium formate
(>97%) was from Matheson Coleman & Bell (Norwood, OH, USA).
Methotrexate and phenylthiohydantoin (PTH)-glutamic acid were
from Sigma-Aldrich (St. Louis, MO, USA). Deionized water (DI H,0)
was obtained from a Milli-Q™ purification system from Millipore
(Bedford, MA, USA). Acetonitrile of HPLC grade was from Honeywell
(Muskegon, MI, USA).

2.2. Instrumentation

2.2.1. HPLC-UV

For UV-based analyses, a Hewlett-Packard (Palo Alto, CA, USA)
1050 HPLC system comprised of an autosampler, degasser, gradient
pump, and variable wavelength UV detector set at 284 nm was used.
The system was interfaced with Agilent Chemstation (Santa Clara,
CA, USA) software. The analytical column was 4.6 mm x 75 mm and
was packed with a Diamond Hydride™ stationary phase (Micro-
Solv Technology Corp. Eatontown, NJ, USA) with a particle diameter
of 4.2 wm. Mobile phase A was DI H,0+10 mM ammonium for-
mate. Mobile phase B was 90:10 acetonitrile:DI H,O+10mM
ammonium formate. Both solutions were vacuum filtered through
a 0.45 pm nylon filter (MicroSolv Technology Corp. Eatontown, NJ,
USA). Cereal extracts (see Section 2.3), spiked flour (see Section
2.4.2), and the appropriate calibration curve solutions (see Section
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Table 1

Gradients used in the analyses.
Gradient 1 Gradient 2
Time (min) %B Time (min) %B

0 100 0 100

10 90 5 90
19 50 9 50
20 100 10 100

2.4.1) were analyzed with a method consisting of an injection vol-
ume of 4 pL, a flow rate of 0.5 mL/min, and Gradient 1 (shown in
Table 1). A seven minute equilibration time was allowed between
runs.

Spiked apple juice (see Section 2.4.2) was analyzed with a
method consisting of an injection volume of 2 pL, a flow rate of
1 mL/min, and Gradient 2 (shown in Table 1). A five minute equili-
bration time was allowed between runs. Analyses at both 284 and
360 nm were investigated.

The blank run (see Section 2.4.1) was subtracted from all the
chromatographic data. All analyses were run in triplicate, and the
respective data obtained in each case were averaged. Folic acid and
methotrexate were identified by comparing their retention times in
chromatograms of the calibration curve solutions with the appro-
priate peaks in percent recovery or sample extract chromatograms.

222, LC-MS

For MS-based analyses, an Agilent (Little Falls, DE, USA)
1200SL Series LC system, including degasser, binary pump,
temperature-controlled autosampler and temperature-controlled
column compartment was used. The mass spectrometer system
was an Agilent (Santa Clara, CA, USA) Model 6220 MSD TOF with a
dual sprayer electrospray source (ESI). The analytical column was
2.1 mm x 150 mm and was packed with a Diamond Hydride™ sta-
tionary phase with a particle diameter of 4 um. Mobile phase A was
DIH,0+ 10 mM ammonium acetate. Mobile phase B was 90:10 ace-
tonitrile/DI H,O+10 mM ammonium acetate, pH 7 adjusted with
ammonia. An injection volume of 1 L, a flow rate of 0.4 mL/min,
and Gradient 2 (shown in Table 1) were used. A five minute equi-
libration time was allowed between runs. All fortified samples,
calibration curve solutions, and percent recovery solutions were
analyzed with this method. All analyses were run in triplicate, and
the respective data obtained in each case were averaged. Folic acid
and methotrexate were identified by comparing the extracted ion
chromatogram (EIC) retention time of the analyte in the calibra-
tion curve solutions with the appropriate peak in a given percent
recovery or sample extract. In negative ion mode, the following ions
were monitored: m/z=440.1324 was used to monitor (M-H)~ for
folic acid and m/z=453.1640 for methotrexate.

2.3. Samples

Fortified turbid orange juice was purchased from a local super-
market. For the fortified juice extract, 100 p.L of the methotrexate
internal standard solution (see Section 2.4.1) was diluted with
untreated fortified orange juice in a 50 mL volumetric flask. A por-
tion of this solution was centrifuged at 10,000 x g for 4 min. The
supernatant was collected and vacuum filtered through a 0.2 um
nylon membrane filter from Alltech (Deerfield, IL, USA). The fil-
trate obtained was used for the appropriate LC-MS injections (see
Section 2.2.2).

Three fortified whole wheat flour-based cereals (referred to as
cereals A, B, and C) were purchased from a local supermarket. A
portion of fortified cereal was ground using a mortar and pes-
tle. A 20.0 g portion of the ground cereal was added to a beaker
with a stirbar. Subsequently, 500 mL of a solution consisting of DI

H,0+10mM ammonium formate, 0.5 mg/L methotrexate, 0.05%
(w/v) sodium L-ascorbate, and 12mM NH3; was quantitatively
added to the beaker. The beaker was then covered with Parafilm
(Pechiney Plastic Packaging, Chicago, IL, USA). The mixture was
stirred for 3 h and sonicated for 30 min. Subsequently, a portion
of this mixture was centrifuged at 10,000 x g for 4 min. The super-
natant was then collected and filtered through a 0.45 wm nylon
membrane HPLC filter prior to HPLC-UV injections (see Section
2.2.1). This process was repeated for each of the three fortified cere-
als. For LC-MS analyses (see Section 2.2.2), the procedure was the
same except that 5.0 g of ground cereal and 0.2 mg/L methotrexate
were used.

2.4. Quantitation and recovery studies

2.4.1. Calibration curve

For the calibration curve and spiked juice, a 200 mg/L stock
solution of folic acid with 0.05% (w/v) sodium L-ascorbate was pre-
pared by adding 50.0 mg folic acid and 125.0 mg sodium L-ascorbate
to a 250mL amber volumetric flask containing a portion of DI
H,0+10mM ammonium formate. A 1000 pL aliquot of 3M NH3
was added to dissolve the folic acid. The solution was diluted to
the mark with DI H;O+10 mM ammonium formate and refriger-
ated when not in use. An internal standard solution of 100 mg/L
methotrexate was also prepared by adding 10.0 mg methotrexate
to a 100 mL volumetric flask containing a portion of DIH,0 + 10 mM
ammonium formate. A 200 p.L aliquot of 3M NH3 was added. The
solution was diluted to the mark with DI H,0 + 10 mM ammonium
formate and refrigerated when not in use.

From the folic acid stock solution, appropriate aliquots were
taken and transferred to 50 mL volumetric flasks in order to obtain
folic acid concentrations of 0.1, 0.2, 0.5, 1.0, and 2.0 mg/L for the
HPLC-UV method and 0.05, 0.1, 0.2, 0.3, and 0.5 mg/L for the LC-MS
method. The solutions were spiked with 250 pL of the methotrex-
ate internal standard solution for the HPLC-UV method and 100 p.L
for the LC-MS method. The flasks were then each diluted to the
mark with a solution consisting of DI H,O+10mM ammonium
formate, 0.05% (w/v) sodium L-ascorbate, and 12 mM NHs. Blanks
were prepared by omitting the folic acid spike. Aliquots of these
solutions were then injected into the HPLC in triplicate. The mea-
sured peak integrals of folic acid were plotted on the ordinate,
and the known concentrations of folic acid were plotted on the
abscissa. Data analysis was performed with Agilent Chemstation
and Microsoft Excel 2003 (Microsoft, Redmond, WA, USA). The
data were fit to linear models obtained from least squares fit-
ting computations. Analyte peak integrals were correlated with the
appropriate linear model to obtain the calculated concentration of
folic acid in the percent recovery solutions (see Section 2.4.2) and
the fortified sample extracts (see Section 2.3).

2.4.2. Percent recovery

Non-fortified, non-turbid apple juice was purchased from a local
supermarket. For HPLC-UV (see Section 2.2.1) juice recovery stud-
ies, a 200 mg/L PTH-glutamic acid solution was prepared by adding
50.0 mg PTH-glutamic acid to a 250 mL volumetric flask containing
aportion of DIH,0 + 10 mM ammonium formate. A 1000 p.L aliquot
of 3M NH3 was added. The solution was diluted to the mark with
DI H,0 +10 mM ammonium formate and refrigerated when not in
use. Next, 500 WL of the folic acid stock solution (see Section 2.4.1)
and 250 L of the PTH-glutamic acid solution were added toa 50 mL
volumetric flask and diluted with the non-fortified untreated apple
juice to give 2.0 mg/L folic acid and 1.0 mg/L PTH-glutamic acid. For
LC-MS analyses (see Section 2.2.2), 125 L of the folic acid stock
solution and 100 p.L of the methotrexate internal standard solu-
tion were added to a 50 mL volumetric flask and diluted with the
non-fortified untreated apple juice to give 0.5 mg/L folic acid and
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0.2 mg/L methotrexate. For each of the HPLC-UV and LC-MS percent
recovery solutions, a portion was vacuum filtered through a 0.2 pum
nylon membrane filter. The filtrates obtained were then analyzed
by the specified HPLC method.

For cereal percent recovery, it is recommended to use flour of the
same type as is used in the cereal [31]. As such, non-fortified whole
wheat flour was purchased from a local supermarket. The solution
preparation procedure for HPLC-UV analyses (see Section 2.2.1)
was as follows: A 10.0 mg portion of folic acid was added to 200.0 g
non-fortified whole wheat flour. This spiked flour was homoge-
nized by mixing with a mechanical shaker for 24 h. A portion of the
spiked flour was then ground using a mortar and pestle. A 20.0g
portion of this spiked flour was added to a beaker with a stirbar.
Subsequently, 500 mL of a solution consisting of DI H,O+10 mM
ammonium formate, 0.5 mg/L methotrexate, 0.05% (w/v) sodium L~
ascorbate, and 12 mM NH3 was quantitatively added to the beaker.
The beaker was then covered with Parafilm. The mixture was stirred
for 3h and sonicated for 30 min. Subsequently, a portion of this
mixture was centrifuged at 10,000 x g for 4 min. The supernatant
was then collected and filtered through a 0.45 wm nylon membrane
HPLC filter prior to HPLC injections. For LC-MS analyses (see Section
2.2.2),the procedure was the same except that 5.0 g spiked flour and
0.2 mg/L methotrexate were used. The expected concentrations of
folic acid in the spiked flour extracts using these protocols were
therefore 2.0 and 0.5 mg/L for HPLC-UV and LC-MS respectively.

3. Results and discussion

The extraction of folic acid from food matrices has typically
involved several steps. First, homogenization of the sample in
an appropriate extraction solvent is carried out in the pres-
ence of an anti-oxidizing agent such as sodium ascorbate or
2-mercaptoethanol. After the extraction, incubation steps with a-
amylase, protease, and folate conjugase are typically employed. The
amylase and protease are used to break down carbohydrates and
proteins respectively in which folates may be trapped, thus leading
to a higher percent recovery. However, the cereal percent recover-
ies obtained in this work were sufficiently high without the use of
either enzyme, and therefore these steps were omitted. The con-
jugase breaks down naturally occurring polyglutamyl folates into
monoglutamyl forms [19]. Since the focus of the present work was
on quantifying only folate added due to fortification, this step was
not employed either.

Solid phase extraction is then performed in typical reversed
phase protocols for either food or juice extracts in order to remove
compounds from the matrix which would co-elute with folic acid in
the RP-HPLC runs. By performing the separation via an ANP reten-
tion mechanism, however, this step can be omitted; many of the
matrix components are less hydrophilic than folic acid and there-
fore elute earlier in the HPLC run. In this manner, the separation acts
as the sample cleanup. This process is illustrated in Fig. 2, which
depicts a typical chromatogram obtained from one of the fortified
cereals. Many of the sample components elute near the void vol-
ume while folic acid is highly retained, and its corresponding peak
is well-resolved with respect to the other sample peaks. In con-
trast, separation by a reversed phase mechanism, even with the
use of ion-pairing agents, is often unfeasible without prior sample
cleanup due to insufficient differences in hydrophobicity between
folic acid and some of the matrix components.

Even though UV detection functions at moderately high con-
centration levels, the efficiency and peak shape (symmetry) for
folic acid are excellent, which are essential requirements for the
development of an accurate and reliable quantitative method. For
example, the 2.0 mg/L folic acid calibration curve solution run using
the HPLC-UV method and Gradient 1 (see Table 1) gave an efficiency
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Fig. 2. HPLC-UV chromatograms of A) fortified cereal C extract and B) 2.0 mg/L
folic acid calibration curve solution using Gradient 1. Peaks 1 and 2 correspond
to folic acid and methotrexate respectively. See Section 2.3 for sample preparation
procedure and Section 2.2.1 for chromatographic conditions.

Table 2

%RSD of folic acid retention time in various samples by HPLC-UV. n=3.
Sample %RSD
Calibration curve
0.1 mg/L 0.05
0.2mg/L 0.08
0.5mg/L 0.02
1.0mg/L 0.05
2.0mg/L 0.03
Cereals
Cereal A 0.14
Cereal B 0.07
Cereal C 0.03
Percent recovery
Spiked flour 0.02

of close to 120,000 plates per meter and an asymmetry factor of 1.1.
The efficiency and the asymmetry factor were greater and closer to
unity respectively than those that could be estimated from pub-
lished HILIC-based separations of folic acid using gradient elution
[32,33]. The repeatability of the method was demonstrated by the
low percent relative standard deviations (%RSD) of the folic acid
retention times for multiple injections of the same sample in the
case of each calibration curve solution, cereal extract, and percent
recovery solution. Table 2 shows the %RSD data obtained using the
HPLC-UV method.

Fig. 3 shows three overlays of the LC-MS EIC of a fortified orange
juice extract. The folic acid peak in the chromatogram demonstrates
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Fig. 3. Overlay of three LC-MS EICs of fortified orange juice extract at m/z=440.1234
using Gradient 2. Peak 1 corresponds to (M-H)~ for folic acid. See Section 2.3 for
sample preparation procedure and Section 2.2.2 for chromatographic conditions.
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Table 3
Percent recovery of folic acid in spiked, non-fortified matrices.

Sample Concentration Recovery (%)
Ideal Measured (uv) (MS)
(LV) (MS)
Cereals (g/g)
Spiked flour 50.0 45 46 90 92
Juices (mg/L)
Spiked apple juice 0.50 0.51 102

the excellent efficiency and peak symmetry that can be achieved
with an ANP separation. This can be rationalized by considering
the nature of the ANP retention mechanism. As described earlier,
the thin hydration shell believed to be involved in retention allows
for the kinetically facile partitioning of the analyte between the
stationary phase and mobile phase. This is in contrast with HILIC,
where the postulated thicker hydration shell can cause long equi-
libration times [34] and peak broadening [35]. The use of MS as a
detector adds another degree of selectivity to the analysis via the
ability to obtain an EIC at a given m/z value. The LC-MS methods
also showed good repeatability, with a %RSD of analyte retention
times between 0.5 and 0.8.

PTH-glutamic acid was initially chosen as the internal standard.
However, LC-MS data obtained from juices using this internal stan-
dard revealed that the compound was degrading in the presence
of the matrix (data not shown). Therefore, the folate antimetabo-
lite methotrexate was chosen instead as the internal standard. It
has been found to be a suitable internal standard in other reported
folate analyses [20], and no degradation was observed with its use.

For the LC-MS method (see Section 2.2.2) using folic acid peak
area as a function of known concentration, the calibration curve
data demonstrated good linearity in the studied concentration
range of 0.05-0.5 mg/L, with an equation of y=344376x —1128.5
and a correlation coefficient (R?) of 0.9997. The data was in good
agreement with results using folic acid-to-methotrexate peak area
ratios as the ordinate (data not shown).

The percent recovery data is given in Table 3. The recoveries for
spiked juice by LC-MS and the spiked flour and juice by HPLC-UV
were in an acceptable range (80-110%) for food and beverage anal-
yses [17]. The lower percent recovery for spiked flour was likely
due to incomplete homogenization of the folic acid in the flour.
As such, taking a representative sample was more difficult than
with spiked juice, where homogenization is much more readily
achieved. Unfortunately, recovery of spiked juice by HPLC-UV at
284 nm was so low that further investigations of juices using this
wavelength were not warranted (quantitative results not shown).
Fig. 4 shows HPLC-UV chromatograms obtained from spiked juice
at 284 and 360 nm. In Fig. 4A, the fact that the separation was good
but the recovery was still low suggests that the effect the matrix

Table 4
Comparison of measured and labeled folic acid concentrations from fortified
matrices.

Sample Concentration

Labeled Measured

(Uv) (MS)

Cereals (g/g)
Cereal A 14 13 (93%) 16 (114%)
Cereal B 13 16 (123%) 11 (85%)
Cereal C 15 17 (113%) 19 (127%)
Juices (mg/L)
Orange juice 0.25 0.26 (104%)

had on the method of detection was the issue and not the sepa-
ration. The juice matrix strongly absorbs in this region of the UV
and therefore likely reduced the sensitivity of the UV-based anal-
ysis. However, Pérez Prieto et al. found that in the case of some
beverages, these detrimental matrix effects could be reduced by
monitoring at folic acid’s lesser absorbance maximum of 360 nm
[36]. In our case, it was observed that although the recovery was
satisfactory at 360 nm, the sensitivity of the folic acid peak was
greatly reduced compared to analyses at the global maximum of
284 nm (see Fig. 4B). Due to the low analyte signal, the method
at 360 nm was not sensitive enough to study the full calibration
curve range or to quantitate folic acid at typical fortification levels.
Even so, the high recovery at 360 nm suggests that matrix effects
at 284 nm were indeed the issue. Furthermore, percent recovery
of spiked juice by LC-MS was good. Hence, it appears that sample
cleanup strategies would be required for juices if the analyses are
to be performed by HPLC-UV but not for LC-MS.

Four fortified samples were analyzed with the methods. The
quantitative results obtained from the analyses are shown in
Table 4. In most cases, the amounts of folic acid were some-
what higher than those stated from the labels. This finding is
not uncommon and has been reported for both juices and cereals
[17,31,36,37]. Since some folic acid may be lost in the produc-
tion process, adding slightly more than labeled would ensure that
at least the minimum amount required is present. However, it is
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Fig. 4. HPLC-UV chromatograms of spiked, non-fortified apple juice using Gradient 2 at A) 284 and B) 360 nm. Peak 1 corresponds to folic acid. See Section 2.4.2 for solution

preparation procedure and Section 2.2.1 for chromatographic conditions.
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noteworthy that there are relatively large differences between the
concentrations obtained from some of the cereal extracts using the
two methods, while the spiked flour percent recovery data from
Table 3 shows much better agreement. This is likely due to the
more heterogeneous nature of a typical cereal matrix compared
to that of spiked flour. Therefore, taking a representative sample
was a more difficult task in the case of a cereal. In future studies,
this problem could be overcome by using a larger sample size or
by homogenizing the entire contents of the cereal before taking a
sample.

4. Conclusions

The data have demonstrated the utility of ANP as an effective
means of retaining and resolving the highly polar folic acid from
other matrix components in juice and cereal extracts untreated
by SPE or similar sample cleanup techniques. The calibration
curves showed good linearity in the studied concentration ranges.
The percent recoveries were satisfactory for spiked flour by both
methodologies but only for LC-MS in the case of spiked juice. It
appears that the strongly UV-absorbing nature of juices is unsuit-
able for quantitative analyses by HPLC-UV without prior sample
cleanup. The methods were used to analyze the folic acid content of
three fortified cereals and one fortified juice. Excellent repeatability
with respect to analyte retention time between runs was obtained
with minimal re-equilibration (5-7 min) times for gradient analy-
ses.

Acknowledgements

The authors would like to thank Agilent Technologies and the
National Science Foundation (Grant # 0724218) for providing
funding for this work and MicroSolv Technology Corporation for
donating the columns used in the separations.

References

[1] C.M. Baugh, C.L. Krumdieck, Ann. N. Y. Acad. Sci. 186 (1971) 7.
[2] R.lyer, S.K. Tomar, ]. Food Sci. 74 (2009) R114.
[3] M.A. Caudill, Am. J. Clin. Nutr. 91 (2010) 1455S.

[4] C.M. Ulrich, M.C. Reed, H.F. Nijhout, Nutr. Rev. 66 (2008) S27.
[5] Y. Fujita, E. Ukena, H. lefuji, Y. Giga-Hama, K. Takegawa, Microbiology 152
(2006) 397.
[6] J.W. Miller, A.D. Borowsky, T.C. Marple, E.T. McGoldrick, L. Dillard-Telm, L.J.T.
Young, R. Green, Nutr. Rev. 66 (2008) S59.
[7] M.A. Honein, L. Paulozzi, T.J. Mathews, ].D. Erickson, L.-Y.C. Wong, ]. Am. Med.
Assoc. 285 (2001) 2981.
[8] US Department of Health and Human Services, Food and Drug Administration,
1996. Federal Register, 5th March, 1996 Part 3: 21 CFR parts 101, 136, 137, 138,
172: pp. 8750-8807.
[9] S.W. Bailey, J.E. Ayling, Proc. Natl. Acad. Sci. 106 (2009) 15424.
[10] R.D. Kalmbach, S.F. Choumenkovitch, A.M. Troen, R.D. Agostino, P.F. Jacques, ].
Selhub, Am. . Clin. Nutr. 88 (2008) 763.
[11] L.A. Houghton, J. Yang, D.L. O’Connor, Am. J. Clin. Nutr. 89 (2009) 216.
[12] M.R. Sweeney, ]. McPartlin, D.G. Weir, S. Daly, K. Pentieva, L. Daly, ].M. Scott, Br.
J. Nutr. 94 (2005) 727.
[13] A.M.Troen, B. Mitchell, B. Sorensen, M.H. Wener, A. Johnston, B. Wood, J. Selhub,
A. McTiernan, Y. Yasui, E. Oral, ].D. Potter, C.M. Ulrich, J. Nutr. 136 (2006) 189.
[14] G. Varela-Moreiras, M.M. Murphy, J.M. Scott, Nutr. Rev. 67 (2009) S69.
[15] A. Tefferi, R.K. Pruthi, Mayo Clin. Proc. 69 (1994) 181.
[16] R. Devi, ]. Arcot, S. Sotheeswaran, S. Ali, Food Chem. 106 (2008) 1100.
[17] D.E. Breithaupt, Food Chem. 74 (2001) 521.
[18] T.H.Hyun, T. Tamura, Exp. Biol. Med. 230 (2005) 444.
[19] R. Péo-Prieto, D.B. Haytowitz, ].M. Holden, G. Rogers, S.F. Choumenkovitch, P.F.
Jacques, J. Selhub, J. Nutr. 136 (2006) 3079.
[20] S.D. Garbis, A. Melse-Boonstra, C.E. West, R.B. van Breemen, Anal. Chem. 73
(2001) 5358.
[21] AJ. Alpert, J. Chromatogr. 499 (1990) 177.
[22] D.V. McCalley, U.D. Neue, J. Chromatogr. A 1192 (2008) 225.
[23] JJ. Pesek, M.T. Matyska, J. Lig. Chromatogr. Relat. Technol. 29 (2006) 1105.
[24] L.R. Snyder, ]J. Kirkland, Introduction to Modern Liquid Chromatography, 1st
ed., Wiley, New York, 1974, p. 31.
[25] ]J.J. Pesek, M.T. Matyska, ]. Sep. Sci. 28 (2005) 1845.
[26] ]J. Pesek, M.T. Matyska, LC GC N. Am. 24 (2006) 296.
[27] JJ. Pesek, M.T. Matyska, LC GC N. Am. 25 (2007) 480.
[28] ]JJ. Pesek, M.T. Matyska, M.T.W. Hearn, R.I. Boysen, ]. Chromatogr. A 1216 (2009)
1140.
[29] D.L. Callahan, D. De Souza, A. Bacic, U. Roessner, ]. Sep. Sci. 32 (2009) 2273.
[30] S.A. Weisenberg, T.R. Butterfield, S.M. Fischer, K.Y. Rhee, ]. Sep. Sci. 32 (2009)
2262.
[31] E.S. Osseyi, R.L. Wehling, J.A. Albrecht, J. Chromatogr. A 826 (1998) 235.
[32] AE. Karatapanis, Y.C. Fiamegos, C.D. Stalikas, J. Sep. Sci. 32 (2009) 909.
[33] RJ. Goldschmidt, W.R. Wolf, Anal. Bioanal. Chem. 397 (2010) 471.
[34] T.lkegami, K. Tomomatsu, H. Takubo, K. Horie, N. Tanaka, J. Chromatogr. A 1184
(2008) 474.
[35] F. Gritti, A. dos Santos Pereira, P. Sandra, G. Guiochon, J. Chromatogr. A 1217
(2010) 683.
[36] S. Pérez Prieto, B. Cancho Grande, S. Garcia Falcén, J. Simal Gandara, Food Con-
trol 17 (2006) 900.
[37] A.Lebiedzifiska, M. Dabrowska, P. Szefer, M. Marszatt, Toxicol. Mech. Methods
18 (2008) 463.



	Liquid chromatography/mass spectrometry compatible approaches for the quantitation of folic acid in fortified juices and c...
	Introduction
	Materials and methods
	Materials
	Instrumentation
	HPLC-UV
	LC–MS

	Samples
	Quantitation and recovery studies
	Calibration curve
	Percent recovery


	Results and discussion
	Conclusions
	Acknowledgements
	References


