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Previous  published  methods  for the analysis  of  folates  are  time  consuming  because  of  lengthy  sam-
ple  extraction,  clean-up  and  total  running  time.  This  study  details  the  development  and  validation  of a
rapid, sensitive  and  robust  method  that  combines  a simple  extraction  step  with  ultra-performance  liquid
chromatography  coupled  to tandem  quadrupole  mass  spectrometry.  Here,  we  reported  application  of  a
tandem  quadrupole  mass  spectrometer  to  analyze  maximum  seven  vitamers  of  folate  from  plant  origin.
The analytical  performance  was  evaluated  by linearity,  sensitivity,  precision,  recovery  test  and  analysis  of
certified  reference  materials.  The  limit  of detection  and  limit  of quantification  ranged  between  0.003  and
nalysis
xtraction
olate
ltra-performance liquid chromatography
andem quadrupole mass spectrometer
eaf sample

0.021 �g/100  g FW  and  between  0.011  and  0.041  �g/100  g FW,  respectively;  the  recovery  and  precession
ranged  from  71.27  to 99.  01%  and  from  1.7 to  7.8%  RSD,  respectively,  depending  upon  folate  vitamers.
This  newly  developed  and  validated  method  is rapid  (a chromatographic  run  time  of 5 min),  easy  to be
performed  (no laborious  and  time  consuming  clean-up)  and  can be used  to simultaneously  analyze  seven
vitamers  of folate  from  plant  sources.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Folates, the generic term for a group of water-soluble vita-
in  have attained great nutritional importance. Chemically,

olates molecules are comprised of three parts: pteridine, p-
minobenzoate, and a glutamyl chain (from1 to 14 links) (Fig. 1) [1].
hey participate in one-carbon transfer reactions in the biosynthe-
is of purine and pyrimidine as well as amino acid inter-conversions
2]. However, intake of this group of vitamins from natural food
ources is considered to be below the dietary recommendations for

uman [3,4]. Low levels of plasma folate concentrations are asso-
iated with a number of impairments, including development of
eural tube defects (NTDs) and other congenital defects, macro-

∗ Corresponding author at: X. Yang, College of Environmental & Resources Science,
hejiang University, Hangzhou 310058, People’s Republic of China.

E-mail addresses: islam@zju.edu.cn, xeyang@jzu.edu.cn (X. Yang).
1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.jchromb.2016.11.033
570-0232/© 2016 Elsevier B.V. All rights reserved.
cytic anaemia, cardiovascular disease, and certain types of cancer
[5,6]. Folate deficiency, characterized by a folate intake below the
recommendations (<400 �g per day) [4], is an important type of
micronutrient deficiency nearly all over the world. Humans and
animals cannot synthesize folates by themselves, so plant food is a
main source of this important group of vitamin. However, the nat-
urally occurring folate content in most plant foods usually is quite
low. Therefore, mandatory food crop fortification programs with
folic acid are a common practice in many countries [7]. Another
alternative is to increase the natural folate level in food crops
either by plant breeding or by metabolic engineering. This strat-
egy recently became an increasingly important topic in the area
of plant and human nutrition [8]. However, the availability of an
accurate method for analysis of various folate vitamers in food from
the plant origin is a challenging issue for the researchers in plant

and human nutrition. This is because of plant samples contain very
minute amount of folate and complex food matrix.

dx.doi.org/10.1016/j.jchromb.2016.11.033
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jchromb.2016.11.033&domain=pdf
mailto:islam@zju.edu.cn
mailto:xeyang@jzu.edu.cn
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ig. 1. Chemical structure of seven folates vitamers separated from the sample of
ndicated in red color. Possible substitutions at the N5 and/or N10 positions by diffe
n  blue, orange and black color, respectively. (For interpretation of the references to

Theoretically, more than 150 different vitamers of folates exist
9] although less than 50 are probably present in animal and
lant tissue [10]. Most of the published chromatographic methods
an only determine two to three vitamers, i.e. folic acid (PteGlu),
etrahydrofolate (H4folate), and/or 5-methyltetrahydrofolate (5-
H3-H4folate), which is the main bottleneck when low folate
mounts have to be analyzed. Therefore, it is important to develop

 novel method that can determine more folate vitamers to obtain
recise data of total folates in foods from plant origin [11]. Due to
he large number of structural analogs, their low stability, and very
ow concentration in plant samples, folate analysis is an analyti-
al challenge for the analytical food chemist [10]. The accuracy and
ensitivity of folate analysis is highly dependent on the extraction
ethod, the enzymatic deconjugation and detection techniques

pplied [12]. Additionally, folates are very sensitive to light, oxi-
ants and pH of the medium. All these factors can significantly
ffect the accuracy of analysis. Furthermore, depending on the pH

f the extraction buffer, heat treatment can affect the stability of
olates and also causes non-enzymatic inter conversion [13]. More-
ver, some protein and carbohydrate rich food require additional
 origin. (A) Partially oxidized pteridine ring, and (B) Fully oxidized pteridine ring
1 unite indicated in green color. Pterin, pABA, and glutamate moieties are depicted
r in this figure legend, the reader is referred to the web version of this article.)

tri-enzyme treatment (�-amylase, protease and deconjugase) for
the complete extraction of folates trapped in complex protein or
carbohydrate structures [14]. This tri-enzyme digestion procedure
is particularly effective for cereal-based and milk-based products.
However, till now minimal information is available regarding the
use of tri-enzyme digestion in analyzing foods of plant origin.

In the last 60 years, the most commonly used technique for
quantitative analysis of food folates has been the microbiological
assay (MA) that provides only a total folate content [15], associ-
ated with several drawbacks, for instance, it lacks information on
specficity and vitamer distribution. Therefore, there is increasing
application of chromatography based methods. Liquid chromatog-
raphy (LC) [16] and Gas chromatography (GC) [17] are currently
available for analysis of folate in both biological and food sam-
ples. The bottleneck of the GC method, similar to MA  method, is
the lack of capability to differentiate different folate vitamers in
the sample. MA and GC method reduce their applicability because

information of folate vitamers composition is important, as the dif-
ferent vitamers differ in their bioavailability [18]. In contrast to this,
LC methods enable the determination of individual folate forms. In
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eneral, folate determination has been performed using LC coupled
ith ultra-violet [19], fluorescence [20], diode array [21], electro-

hemical [22], or mass spectrometric (MS) [16], including tandem
S detection. However, additional purification of food extracts

rior to LC analysis is necessary because of interferences from the
atrix, which increases the analysis time and makes these methods
ore complicated [23]. Nevertheless, the LC methods have a great

otential due to rapid progress of both separation and detection
echniques as well as the possibility of automatizing the purifica-
ion step.

Here, we report on the development and validation of a rapid,
imple, accurate, quantitative, reproducible ultra-performance
iquid chromatography tandem quadrupole mass spectrometry

ethod for high throughput screening of large sample number
f different cultivars, accessions, inbreed line, and mutants, capa-
le of providing a folate profile, starting from only 100 mg  of a
esh plant leaf sample. Single calibration curves, covering a wide
ynamic range expand the use of our method for sensitive quan-
ification of folate vitamers from plant samples of various origins.
he method was used to investigate the differences in total folate
nd folate vitamer distribution in leaf samples of different veg-
tables and plants. This is the first successful implementation of

 chromatographic method for the rapid and sensitive quantitative
etermination of seven folates vitamers in plant material within
ve minutes’ running time. Parallel acquisition of multiple reaction
onitoring (MRM) and full scan MS  data allows both separation of

he targeted folate vitamers and internal standard, and also the
atrix background at the same time. Moreover, we investigate the

ffect of extraction parameters on the data of individual and total
olates to simplify and reduce the extraction time.

. Materials and methods

.1. Chemicals and reagents

All chemicals and reagents were purchased from the follow-
ng sources: UPLC–MS/MS grade 1% formic acid in acetonitrile,
% formic acid in water, methanol, L (+)-ascorbic acid (99%, crys-
alline), 2, 3-dimercapto-1-propanol (BAL), �-amylase (Type I-A,
rom porcine pancreas, 23.5 units/�L,  EC no 232-565-6) sera of
at (EC no 3−4−22−12), protease (Type XIV, from Streptomyces
riseus, ≥3.5 units/mg EC no 232−909−5) and activated charcoal
as from Sigma-Aldrich (St Louis, O.M., U.S.A.). Chicken pancreas

EC no 3−4−22−12) was purchased from Shanghai Wingch Chem-
cal Technology Co. Ltd., (Shanghai, China). Monobasic potassium
hosphate (≥99%, purity), dibasic potassium phosphate (≥99%,
urity), sodium acetate (≥99%, purity) and sodium chloride (≥99%,
urity) were purchased from Merck (Darmstadt, Germany). Mixed
egetables (BCR-485) were purchased from the Institute for Ref-
rence Material and Measurements (Geel, Belgium) and stored
s vacuum-packed subsamples (2 g) at −80 ◦C until analysis. All
ther chemicals were of analytical grade commercially obtained
rom local chemical suppliers. Ultra-pure water (≤0.1 �S cm−1) was
btained from Milli-Q system (Millipore, U.S.A.).

.2. Folate standards and internal standard

Folic acid and the reduced forms of monoglutamyl folates (6,S)-
,6,7,8-tetrahydrofolate sodium salt (H4folate), (6,S)-5-methyl-
,6,7,8-tetrahydrofolate sodium salt (5-CH3–H4folate) (6,S)-5-
ormyl-5,6,7,8-tetrahydrofolate sodium salt (5-HCO–H4folate), 5,

0 −Methenyltetrahydrofolate (5,10 CH+–H4folate) and pteroyltri-
-l-glutamic acid (PteGlu) were a kind gift from Merck & Cie

Schaffhausen, Switzerland). Pteroyltri-�-l-glutamic acid (PteGlu3)
nd 10-formylfolic acid, sodium salt (10-CHO-folic acid), were pur-
r. B 1040 (2017) 169–179 171

chased from Schirck’s Laboratories (Jona, Switzerland). Methotrex-
ate (MTX) was  purchased from Sigma-Aldrich (St Louis, O.M.,
U.S.A.). The folate standards were stored at −80 ◦C under argon
atmosphere until use. The standard stock solutions (200 �g mL−1)
and calibration solutions were prepared according to our previ-
ous report [24] with minor modifications, using 50 mM phosphate
buffer containing 1% L(+)-ascorbic acid (w/v) and 0.1% 2,3-
dimercapto-1-propanol (BAL) (v/v), pH 6.7 or 4 for 5,10-CH+-H4
folate (as this compound is more stable at acidic pH), under yel-
low fluorescent light. The standard stock solutions were placed
in 1 mL tubes, flushed with argon gas, and stored under an argon
atmosphere at −80 ◦C maximum for 3 months. The calibration solu-
tions were prepared immediately before use by 1/10 dilution (v/v)
of the stock solution. The concentration of the working solutions
was checked by LC-DAD using PteGlu as internal standard (ISTD) as
described previously [11] using following formula:

C (Analyte) = Area (Analyte) ×  C (ISTD)
Area (ISTD) ×  ResponseFactor

The wavelengths and response factors are provided in the Sup-
plementary materials (see Table S1 in the online version at DOI: 10.
1016/j.jchromb.2016.11.033).

2.3. Enzyme preparation

Enzyme preparation was performed as described in a previous
study [25] with minor modifications. Briefly, protease was  dissolve
in distilled water (5 mg  mL−1), and �-amylase was  used directly
without any pretreatment. Protease and rat serum were mixed with
one-tenth volume of activated charcoal to remove endogenous
folates, stirred for 1 h on ice, centrifuged, filtered through 0.20 �m
sterile syringe filter (Nalgene, Rochester, N.Y., U.S.A.) and divided
into portions in 0.5 mL  sterile tubes. Chicken pancreas solution
was prepared by dissolving 5 mg  of chicken pancreas in phosphate
buffer (30 mL,  50 mM,  pH 7.0) containing 1% ascorbic acid. Folate
conjugase activity was  confirmed using PteGlu3 as described in our
previous study [26]. Protease was  kept at −20 ◦C and �-amylase at
4 ◦C for a maximum of 3 months.

2.4. Collection of plant materials

Different vegetables and leaf tissue of pak-choi (Brassica rapa,
Chinensis, Jingfukuai), spinach (Spinacia oleracea, Dayuanye Bocai),
lettuce (Lactuca sativa, Victoria lettuce), and rice leaf (Oriza
sativa, Indica variety) were selected for tests of extraction pro-
cedure, method development, and validation experiments. All the
vegetable samples were grown in the greenhouse of Zhejiang Uni-
versity under ambient temperature and light condition in March
2015 except rice. Rice leaf samples were collected from Zhejiang
University farm in the same year. Tissue samples were weighed
and, snap frozen in liquid nitrogen prior to use.

2.5. Sample extraction

Samples were protected against folate oxidation by argon gas,
yellow fluorescence light, cooling on ice after heating and using
amber glassware. Several extraction parameters were evaluated to
optimize the best recovery of folates from the leaf samples. These
extraction parameters included amount of leaf sample, extrac-
tion buffer volume, antioxidant type, amount and type of enzyme,
pH of the extraction buffer and different boiling time to ensure
best recovery of folates from a minimum amount of sample. The

basic extraction procedure for folates from the leaf sample was
adopted from our previous report [25–27] with several modifi-
cations. In brief, 100 mg  of composite sample (fresh weight) was
frozen and smashed in liquid nitrogen, immediately put in to

http://dx.doi.org/10.1016/j.jchromb.2016.11.033
http://dx.doi.org/10.1016/j.jchromb.2016.11.033
http://dx.doi.org/10.1016/j.jchromb.2016.11.033
http://dx.doi.org/10.1016/j.jchromb.2016.11.033
http://dx.doi.org/10.1016/j.jchromb.2016.11.033
http://dx.doi.org/10.1016/j.jchromb.2016.11.033
http://dx.doi.org/10.1016/j.jchromb.2016.11.033
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Table 1
Selected multiple reaction monitoring (MRM)  transitions and compound parameters for seven folates vitamers and internal standard.

Compound name Precursor ion (m/z) Product ion (m/z) Retention time (tr ) Dwell time (S) Cone voltage (V) Collision energy (V)

H4folate 446.2 166.4 0.48 0.019 22 42
299.3 0.019 22 13

5-CH3–H4folate 460.0 194.0 0.51 0.019 22 35
313.0 0.019 22 20

5-HCO–H4folate 474.3 327.1 0.68 0.019 32 22
166.1 0.019 32 44
299.1 0.019 32 32
120.0 0.019 32 36

5,  10 CH+–H4folate 456.2 282.0 0.53 0.019 27 30
412.0 0.019 27 30

10-HCO–H4folate 474.3 412.2 0.67 0.025 60 34
165.9 0.025 60 54
327.1 0.025 60 28

10-CHO–PteGlu 470.0 175.9 0.64 0.019 27 30
275.9 0.019 27 22
295.2 0.019 27 28

PteGlu 442.0 176.0 0.75 0.019 22 27
295.0 0.020 22 22

MTX 455.3 308.1 1.77 0.020 12 20
0.020 12 38
0.020 12 30
0.020 12 72
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Table 2
Optimized conditions for tandem quadrupole (QqQ) mass detector for analysis of
seven folates vitamers.

Source parameters Value

Capillary voltage 3.12 kV
Source offset 25 V
Source temperature 150 ◦C
Desolvation gas temperature 400 ◦C
Desolvation gas flow 1000 L hr−1

Cone gas flow 150 L hr−1

Nebuliser gas flow 7.0 bar
175.1 

134.0 

106.0 

.25 mL  graduated screw capped micro-tubes (Sangon Biotech Co.,
td., Shanghai, China) and then 400 �L extraction buffer [50 mM
hosphate buffer containing 1.0% of L (+)-ascorbic acid (w/v) and
.1% 2, 3-dimercapto-1-propanol (BAL) (v/v) at pH 6.7, containing

nternal standard (MTX concentration 0.03 �g mL−1), freshly pre-
ared] were added. The sample were flushed with argon gas and
apped before homogenized on a bench-top ball-mill (Scientz-48,
ingbo Scientz Biotechnology Co., Ltd, Ningbo, China) at 70 hz for

 min. The capped tube was placed on a water bath at 100◦ C for
2 min  and then rapidly cooled on ice. The tubes were then ultra-
entrifuged at 27000 × g for 20 min  at 4 ◦C and the supernatant was
ransferred to new graduated screw capped micro-tubes. For check-
ng whether an additional enzyme treatment was  necessary, 6 �L
f �-amylase was added and incubated at room temperature for
0 min  before extraction stapes. Thereafter, 15 �L of protease was
dded and tubes were incubated at 37 ◦C for 60 min. For deconjuga-
ion of polyglutamylated folates, 40 �L of chicken pancreas solution
nd 75 �L of rat serum were added, and the tubes were filled to an
xact volume of 500 �L with extraction buffer and flushed with
rgon gas before capping, which was then incubated on a shak-
ng water bath at 37 ◦C for 2 h. An additional treatment of 5 min  at
00 ◦C was carried out to inactivate the enzyme, again followed
y cooling on ice. The samples were then centrifuged again at
8000 × g for 15 min  at 4 ◦C. The supernatant in the centrifuge tube
as then subjected to sample clean-up.

.6. Sample cleanup

Several sample cleanup protocols were evaluated to reduce the
aborious time and to improve the detection limit and separation of
he folates from interfering materials. Sample cleanup techniques
ncludes solid phase extraction (SPE) with strong anion-exchange
SAX) isolute cartridges (3 mL/500 mg  of quaternary amine N+,
ounter ion Cl−, Supelco, Bellefonte, PA, U.S.A.), ultra-filtration
sing different molecular weight (5 kDa and 10 kDa) cut-off mem-
rane filter (Millipore, Carrigtwohill, Co. Cork, Ireland) and PVDF
ydrophilic membrane filter (0.22 �m pore size, Millipore, Carrigt-
ohill, Co. Cork, Ireland). Solid phase extraction was performed

sing a visiprep SPE vacuum manifold (Supelco, Bellefonte, PA, USA)
nder reduced pressure as detailed in our previous report [25].
embrane filters were preconditioned with 0.5 mL  water for 5 min

t 4 ◦C, removing water by hand shaking and kept for additional
Collision gas flow 0.15 mL/min

5 min  for dryness at 4 ◦C. For ultra-filtration, 0.5 mL  supernatant
solution was added to the upper chamber of the filter, centrifuged
at 12,000 × g for 12 min  at 4 ◦C. For general filtration, 0.5 mL  super-
natant solution was  passed through a PVDF hydrophilic membrane
filter using disposable syringe.

2.7. Tandem quadrupole mass spectrometer instrumentation

Considering the chemical and ionic properties of folate vitamers,
several parameters were evaluated automatically and manually to
optimize mass spectrometry. The detection was  performed by a
tandem quadrupole mass spectrometer (Waters Xevo TQ-S, Waters,
Milford, MA,  USA) operated in the positive electrospray ionization
(ESI) mode. Prior to sample analysis Waters IntelliStart Technology
(combining internal calibration fluidics and diagnostics software)
integrated into MassLynx 4.1 Software, was used to automati-
cally tune, calibrate, and conduct the systems performance checks
prior to analysis. Further, IntelliStart was used to optimize all the
MRM transitions for the seven folate vitamers and internal stan-
dard automatically. The automatically performed optimization was
also confirmed manually, by a continually infused standard solu-
tion containing folates standards. The RADAR mode of the Xevo
TQ-S was  used, which enables both full scan data and MRM data
to be acquired in parallel during the same sample analysis. Auto
dwell time was used. System operation, data acquisition and data

processing were controlled using MassLynx 4.1 software (Waters,
Milford, MA,  USA). Detailed MS/MS  conditions were shown in
Tables 1 and 2.

Administrator
高亮
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.8. Ultra performance liquid chromatography (UPLC)
nstrumentation

Several parameters, including column type, column oven tem-
erature, mobile phase composition, flow rate and injection volume
ere optimized to ensure the best performance. The chromato-

raphic separation of individual folates was performed on a Waters
CQUITY UPLC system (Waters Corporation, Milford, MA,  USA)

ncluding a binary pump, a thermostatted autosampler, a ther-
ostatted column compartment controlled by TargetLynx 4.1

Waters, Milford, MA,  USA) quantification application manager.
he autosampler was maintained at 4 ◦C and the column oven
emperature was tested from 20 to 45 ◦C. Four different types of col-
mn, ACQUITY UPLC HSS T3 column, dimension 2.1 mm × 100 mm,
.8 �m particle size (Waters Corporation, Milford, USA), ACQUITY
PLC HSS T3 column, dimension 2.1 mm × 50 mm,  1.8 �m particle

ize (Waters Corporation, Milford, USA), ACQUITY UPLC BEH C18
olumn, dimension 2.1 mm × 100 mm,  1.7 �m particle size (Waters
orporation, Milford, USA), and ACQUITY UPLC BEH C18 column,
imension 2.1 mm × 50 mm,  1.7 �m particle size (Waters Corpora-
ion, Milford, USA) was tested to separation of folates. The flow rate
as 0.4 mL/min; the injection volume was 2 �L and total running

ime was tested from 3 to 10 min. The mobile phase was  a binary
radient mixture of eluent A (0.1% formic acid in water) and eluent

 (0.1% formic acid in acetonitrile). The needle wash solvent was a
ixture of acetonitrile/water (50/50, v/v).

.9. Validation procedure

Since blank matrix for analysis of folates from leaf sample was
ot available, a recombinant blank matrix was prepared from the
eference material mixed vegetables BCR-485. For this purpose,
ub-samples of BCR-485 were diluted by 1:20 (w/v) in ultrapure
ater and boiled in the presence of UV light to destroy most of

ndogenous folates. Thereafter, it was confirmed for absence of
ny measurable signal from folate vitamers, and ultrafiltrated to
btain a recombinant blank matrix. For matrix match calibration
urposes, prepared standard and internal standard solutions were
dded to the recombinant blank matrix. The ratio of the peak
reas of the folates and the internal standard was used to plot
he calibration curve for each folate. These data were fit to a linear
east-squares regression curve with a weighting factor of 1/x. The
ata were processed using the TargetLynx 4.1 (Waters, Milford, MA,
SA) quantification application manager. TargetLynx automates
ata acquisition, processing, and reporting for quantitative results.

BCR-485 mixed vegetable reference material was  used to con-
rm the validity of the newly developed method. Matrix effect
ME) was calculated as described previously [28] using the fol-
owing formula, ME  (%) = A/B × 100. Where, A is the peak area
f spiked recombinant BCR-584 matrix and B is the peak area
f standards in phosphate buffer. Sensitivity of the method was
onfirmed by evaluating the limit of detection (LOD; calculated
s: 3.3�/S, where � is the standard deviation of the background
oise of the blank and S is the slope of calibration curve) and

imit of quantification (LOQ; calculated as: 10 �/S). Recovery
ere determined from the pak-choi sample spiked at two dif-

erent (low contained 7.45, 34.29, 31.81, 22.57, 0.415, 7.93, and
.82 �g/100 g of H4folate, 5-CH3–H4folate, 5-HCO–H4folate, 10-
HO–H4folate, 10-CHO–PteGlu, 5,10 CH+–H4folate and PteGlu,
espectively; high contained 14.91, 68.59, 63.62, 45.15, 0.83, 15.87
nd 9.65 �g/100 g of H4folate, 5-CH3–H4folate, 5-HCO–H4folate,
0-CHO–H4folate, 10-CHO– PteGlu, 5,10 CH+–H4folate and PteGlu,

espectively) concentration level before extraction according to the
ethod described by [28,29]. The spiked pak-choi samples were

hen processed through the entire procedure. The recovery (R) was
alculated from the following formula, R (%) = ((B-C)/A × 100, where
r. B 1040 (2017) 169–179 173

A = peak area of the neat folate standards, B = peak area of the spiked
sample with standard, C = peak area of extract. Intra and inter day
precision were determined by calculating the RSD obtained on the
same day and on different days at three determinations per con-
centration.

2.10. Statistical analysis

Statistical analysis of data was  performed using SPSS 16.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). The results are expressed as
mean values (mean ± standard error), and the difference between
the samples were compared by using a multiple-range test (least
significance difference) at P < 0.05 probability level (Duncan’s test).

3. Results and discussion

Folates, member of vitamin B family, essential cofactors for
one-carbon metabolism, are essential for human health. Therefore,
reliable data on folate levels in different plant materials are useful
for various nutritional programs. Chemically folates are polar com-
pounds with a large number of structural analogs, which makes
them difficult to separate using conventional chromatography.
Considering the unique physicochemical properties of different
folates vitamers, we  herein takes attempts to separate seven folate
vitamers using reverse-phase chromatography.

3.1. Preliminary studies for method development

3.1.1. Optimization of sample extraction
Previous reports have shown that the combination of two

antioxidants is necessary for the stability of the folates during the
extraction [30]. The stability of different folate vitamers in the
buffer solution has been investigated using the combinations of
ascorbic acid and, 2, 3-dimercapto-1-propanol. Preliminary extrac-
tion tests confirm that best recoveries were obtained with a mixture
of 1.0% of ascorbic acid and 0.1% of 2, 3-dimercapto-1-propanol,
especially for H4folate.

Heating in water bath at 100 ◦C denature the folate binding
proteins and facilitates releasing the folates into the solution. The
heating step also inactivates endogenous enzymes thus prevent-
ing further inter-conversion of the folate vitamers. Preliminary
results showed that heating at 100 ◦C is necessary especially for
5-CH3–H4folate. The recovery for this vitamer from spinach and
pak-choi was improved by 55% and 60%, respectively, by this pro-
cedure. Different heating periods, viz. 0, 8, 10, 12, 20 and 40 min  at
100 ◦C were tested in our preliminary experiments. The duration of
the heating above 12 and below 10 min  did not improve recovery,
but prolong heating step loss (∼12%) of H4folate as compared to
8 min. Therefore, 12 min  heating period at 100 ◦C was chosen for
further experiment. Different ratios of samples weight (g) versus
the volume of the extraction buffer (mL) were evaluated to obtain
the best recovery. Preliminary studies showed that the ratio of 1:5
(sample: buffer) resulted in the best recoveries. Higher ratios did
not increase recoveries substantially, and therefore, the ratio of 1:5
was used in the subsequent experiments.

The pH of the extraction buffer during homogenization was  also
investigated to find the best recovery. These steps were tested at
different pH values. Recovery of different folate vitamers varied
with buffer pH during the extraction (Fig. 2a), with H4folate being
most sensitive to pH. The recovery of this folate was low at low pH,
but could be doubled upon increasing the pH of extraction buffer.

As no isotope-labelled standard for H4folate was used to compen-
sate for its loss [31], this aspect was  critical and dominated the
choice of pH. Similar results were also previously reported [32–35].
Recovery of 5-CHO H4folate was found to be optimal around pH
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0

Fig. 2. Optimization of sample extraction parameters for folate from pak-choi (Brassica rapa, Chinensis). (a) Effect of pH of extraction buffer on the recovery of different folates
vitamers. For this purpose, 50 mM phosphate buffer (pH from 3.0 to 9.0) containing 1.0% of L (+)-ascorbic acid (w/v) and 0.1% 2, 3-dimercapto-1-propanol (BAL) (v/v) was used
during  homogenization and heating. All the pak-choi (B. rapa, Chinensis) sample extract solutions were adjusted to pH 6.7 before deconjugation steps. (b) Effect of enzyme
treatment on the recovery of total folate. For this purpose pak-choi (B. rapa, Chinensis) samples were treated with the combination of different enzymes during extraction,
and  analyzed for folates (n = 3). (c) Effect of incubation time on recovery of total folate. For this purpose pak-choi (B. rapa, Chinensis) samples were incubated for different
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uration times throughout the extraction process, and analyzed for folates (n = 3). (
urpose an extracted pak-choi sample (B. rapa, Chinensis) was cleaned up using di
olates  (n = 3).

. This compound was less stable at low pH, and the value of 5-
HO H4folate decreased at both low and high pH. The recovery of
0-CHO-PtGlu were higher at low pH, which agreed with previous
eport [36]. According to the results from the preliminary test, pH
f the extraction buffer was adjusted to 6.7 for further experiments,
s illustrated in Fig. 2.

Samples pretreated with �-amylase (6 �L) and protease (15 �L)
fter homogenization resulted in little or no significant change in
otal folate (Fig. 2b). This is in agreement with previous reports
howing that monoenzyme treatment is suitable for vegetables
26,37]. Considering these results and the fact that plant leaves
ontain low amounts of carbohydrates and proteins compared to

ruits and flower, therefore, we applied monoenzyme treatment
or folate quantification from leaf samples in our further exper-
ments. The efficiency with which folates are deconjugated may
epend on folate species present, the sample matrix, the pH of
luation of sample clean up techniques before chromatographic separation. For this
t sample clean up techniques (Detailed in materials and method) and analyzed for

the solutions, and the source of the conjugase (pteroylpoly-�-glut
amylcarboxypeptidase). The four main sources of conjugase used
are hog kidney, human plasma, chicken pancreas, and rat serum.
Combined use of rat serum and chicken pancreases significantly
increased the recovery of total folate compare to rat serum alone
(Fig. 2b), supported by the fact that chicken pancreas hydrolyse
polyglutamyl folate to diglutamyl folate and rat serum hydrolyses
diglutamyl folate to monoglutamyl folate, thereby increase the con-
jugase efficacy. In our previous study best result was obtained using
a combination of both chicken pancreas and rat serum [27,31]. Fur-
thermore, both chicken pancreas and rat serum works in the same
pH ranges. Therefore, hydrolysis of polyglutamyl folate to diglu-

tamyl folate is achieved by combined use of chicken pancreas and
rat serum in the subsequent experiments.

Although a 1 h incubation with chicken pancreas and rat plasma
folate conjugase is fully adequate for complete hydrolysis of
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Table 3
Optimized five minutes gradient elution for UPLC–MS/MS analysis of seven folates
vitamers.

Time (min) Organic phase (%) Aqueous phase (%)

Initial (0.00) 10.0 90.0
1.00 10.0 90.0
1.50 50.0 50.0
2.00 90.0 10.0
3.00 90.0 10.0
M.J.I. Shohag et al. / J. Chro

ynthetic PteGlu3 in the buffer solution alone, in some cases polyg-
utamyl folates in cereal-grain extracts were not fully hydrolyzed
n 1 h [19]. This was also confirmed in the present experiments.
ncubation times of 0.5, 1, 2, 4, 6 and over night were tested. The
ecovery of each folate increased with increasing duration of incu-
ation over the first 2 h and reached a maximum at around 2 h

ncubation with rat serum and chicken pancreases (Fig. 2c). Pro-
onging the incubation to 6 h did not result in significant increase.
his also means that the folates are stable under the conditions
pplied (0.05 M of phosphate buffer, pH 6.7, containing 1.0% of
scorbic acid and 0.1% 2, 3-dimercapto-1-propanol). However, long
ncubation time (>2 h) should be avoided because of the lability of

4folate at this pH [38] and even at pH 6.7 longer incubation times
hould be avoided because there was a trend of lowering recoveries.

.1.2. Optimization of purification
The presence of an endogenous matrix in food extracts inter-

eres with folates and hampers the chromatographic separation of
ifferent folate vitamers. Considering that folate is also present at

ow level in most food matrices, removal of the interfering com-
ounds through sample clean-up improves the detection limit
nd selectivity of folate detection. Three methods namely affin-
ty chromatography using folate binding protein (FBP), solid phase
xtraction (SPE) using strong anion-exchange isolute cartridges and
ltra-filtration using molecular weight cut off membrane filters
re frequenty used for sample clean up prior to chromatographic
eparation [12]. Although FBP enables quantification at a ten-fold
ower concentration than SPE [19], the lack of commercial availabil-
ty of FBP columns precludes their routine use for folate analysis.

oreover, folate-binding protein exhibits low affinity to 5-HCO–H4
olate, which may  result in higher losses of this folate form dur-
ng the purification step. Use of SPE for purification of sample
xtracts provides high recovery of different folate forms [16,26];
owever, this method is laborious and the high concentration of
alt used in elution step is likely to interfere ionization during
S analysis. Using a molecular weight cut-off membrane filter is

fficient and also a cost effective for sample clean up as reported
ecently [35,39]. However, all these methods are time consuming,
ortions of folates are lost during clean up and are incapable of
andling a large number of samples, for instance when screening

nbreed lines for breeding purposes. To overcome the drawbacks
ith the existing methods for high throughout analysis of folate,

he purification step was modified to a simple, efficient and cost-
ffective method. For quantification of folate from leaf sample we
ested all the three methods as well as sample filtering by 0.22 �m
VDF hydrophilic membrane filters. The results show that folate
ecovery was higher when the samples were filtered through the
.22 �m PVDF hydrophilic membrane filter (Fig. 2d). The aver-
ge differences between folate contents in pak-choi determined
ith 10 kDa molecular weight cut-off membrane filter and 0.22 �m

VDF hydrophilic membrane filter were 4.7% in case of total folate
ontent. In other words, it is possible to analyze folates in leaf with-
ut purification in screening studies when rapid determination of
ain folate forms is of greatest interest; otherwise more extensive

urification may  be necessary to quantify all folate forms.

.1.3. Optimization of chromatography
The different folate vitamers exhibit small differences in their

onic character, which makes it difficult to separate them all by
hromatographic methods. Prior to determining the optimal chro-
atographic conditions, individual folate standard and internal

tandards were directly infused to the atmospheric pressure chem-

cal ionization (APCI), electrospray ionization (ESI) and ESCi multi

ode ionization source in both positive and negative ion mode. In
omparison of all modes, the ESI+ mode provided better sensitivity
han any other modes tested in our system, which is also in con-
3.50 10.0 90.0
5.00 10.0 90.0

formity with earlier reports [40]. Therefore, ESI+ mode was chosen
for further experiments. The IntelliStart procedure (Waters) was
used to optimize all MRM  transitions for the seven folate vitamers
automatically. The automatically performed optimization was also
confirmed manually, by continually infused standard solution con-
taining folates standards. For these analyses, two  to four MRM
transitions were used for each vitamer and the MRMs monitored
are summarized in Table 1. The MS  parameters were optimized
to obtain the protonated molecule and most intense transitions as
far as possible. Auto dwell time was  used to ensure that approx-
imately 15 data points were acquired for each chromatographic
peak. The source parameters were optimized automatically with
flow injection analysis and summarized in Table 2. For the sample
analysis, full scan function used to assess background matrix dur-
ing a standard MRM  analysis. The additional functionality of full
scan acquisition was acquired for each of the vitamers. This allowed
us to search for other co-eluting compounds while monitoring the
matrix background.

Evaluation criteria for optimization of UPLC performance
included the organic solvents and column length to retain polar
folate compounds and reduce total running time. The influences
of temperature, pH, and mobile phase flow rate on retention
time of folate vitamers were also evaluated. The best separation
was observed at column oven temperature 40 ◦C. We  evalu-
ated four different chromatography columns (2 different phases
at 2 different dimensions each) including ACQUITY UPLC HSS
T3 column, dimension 2.1 mm × 100 mm,  1.8 �m particle size
(Waters Corporation, Milford, USA), ACQUITY UPLC HSS T3 col-
umn, dimension 2.1 mm × 50 mm,  1.8 �m particle size (Waters
Corporation, Milford, USA), ACQUITY UPLC BEH C18 column,
dimension 2.1 mm × 100 mm,  1.7 �m particle size (Waters Cor-
poration, Milford, USA), and ACQUITY UPLC BEH C18 column,
dimension 2.1 mm × 50 mm,  1.7 �m particle size (Waters Corpora-
tion, Milford, USA). The best retention and separation was  obtained
with ACQUITY UPLC BEH, C18 column, dimension 2.1 mm × 50 mm,
1.7 �m particle size (Waters Corporation, Milford, USA), which is
able to separate seven vitamers of folate within 5 min  total running
time. The optimized gradients are presented in Table 3. To mini-
mize ion suppression from the matrix and co-eluted compounds,
it is essential to increase chromatographic resolution. Therefore,
reverse-phase column was  chosen for its better adsorption capac-
ity of polar compounds. Several organic solvents were tested to
optimize the mobile phase. The mobile phases included organic sol-
vents and volatile aqueous buffers at various pH values and ionic
strengths. The results showed that usage of step wise increase in
gradient consisting of 0.1% (v/v) formic acid in water (solvent A) and
acetonitrile (solvent B) on a ACQUITY UPLC BEH, C18 column yielded
good resolution of different folate vitamers and methotrexate as the
internal standard.
3.2. Validation study

The analytical method was  in-house validated and the following
criteria were used to evaluate the method: detection and quan-
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Table 4
Linearity and sensitivity of the method determination of seven folate vitamers.

Compound name Limit of Detection
(�g 100 g−1)

Limit of Quantification
(�g 100 g−1)

Linearity range
(�g 100 g−1) (n = 8)

Slope (mean ± SD, n = 7 or 8) Correlation of
coefficient R2

H4folate 0.003 0.011 0.1–60 5996.89 ± 14.04 0.990
5-CH3–H4folate 0.006 0.022 0.1–60 5643.72 ± 9.81 0.993
5-HCO–H4folate 0.012 0.034 0.1–60 3789.85 ± 10.61 0.999
10-HCO–H4folate 0.021 0.041 0.1–60 3698.48 ± 9.35 0.999
5,  10 CH+–H4folate 0.017 0.032 0.005–20 3100.54 ± 8.79 0.999
10-HCO–PteGlu 0.007 0.023 0.005–20 3694.44 ± 85.92 0.998
PteGlu 0.011 0.035 0.005–20 646.86 ± 6.87 0.999

Table 5
Matrix effect, recovery and the precision of the method for determination of seven folate vitamers.

Folate vitamers Matrix effect (%) Recovery (%) ± SE (n = 3) Precision (RSD%)

Without IS With IS Low High Intra-day assay Inter-day assay

H4folate 86.1 107.4 81.04 ± 2.8 89.14 ± 3.9 3.8 4.5
5-CH3–H4folate 92.8 110.5 98.22 ± 2.5 98.11 ± 1.2 1.7 2.7
5-HCO–H4folate 102.2 118.3 98.23 ± 1.8 97.17 ± 3.1 2.3 3.1
10-HCO–H4folate 97.5 102.4 69.75 ± 3.8 79.15 ± 6.24 3.8 6.7
5,  10 CH+–H4folate 75.1 116.3 76.50 ± 7.6 

10-HCO–PteGlu 92.1 102.1 98.11 ± 2.4 

PteGlu 110.3 108.7 92.77 ± 2.7 

Table 6
Precision of the method for folate determination in certified reference material BCR
−485.

Folate vitamers Mean content (�g
100 g−1) (n = 3)

Certified/indicative
value(�g 100 g−1)

H4folate 28.78 ± 1.86 Not indicate
5-CH3–H4folate 249.0 ± 11.13 214 ± 42a

5-HCO–H4folate 23.18 ± 1.63 Not indicate
Total folate as folic acid
equivalent(FAE)

289.3 ± 14.22A 315 ± 28b

a Indicative HPLC-value for 5-CH3–H4folate in BCR − 485.
b Certified microbiological value for total folate in BCR − 485.
A Mean of triplicates, the sum of different folate forms is given in �g folic acid
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g/100 g food after conversion using the molecular weight of 445.4 g/mol for
4folate, 459.5 for 5-CH3–H4folate, 473.5 g/mol for 5-HCO–H4folate and 441.4 g/mol

or  folic acid (PteGlu).

ification limits, the linearity, the recovery, intra-and inter-batch
recision, accuracy and matrix effect.

.2.1. Linearity
The linearity and sensitivity of the mass-spectrometric response

as investigated by daily injecting standard solutions of seven
olate vitamers (0.005–60 �g 100 g−1) during the validation
Table 4). Prior to testing the linearity of a calibration model,
everal weighting factors and transformations were evaluated for
omoscedasticity of the calibrators and subsequent performing of
NOVA tests on this model showed that there was a linear rela-

ionship between the peak area and the concentration of each
olate form over the ranges tested as suggested by [41]. Linear-
ty was also confirmed by plotting the peak area ratio of the folate
tandards to the internal standard methotrexate versus the con-
entration and expressed by the co-efficient of determination (R2).
he background of each matrix was subtracted for each individ-
al point where necessary. The squared correlation coefficients for
he eight-point calibration curves determined for the seven folate
tandards were in the range 0.990−0.999. The calibration curves
elation to the internal standard methotrexate had a correlation
oefficient higher than 0.990 for all folate forms.
.2.2. Sensitivity
Sensitivity of the method was evaluated by determining the

imit of detection (LOD) and limit of quantification (LOQ). The LOD
71.27 ± 8.23 4.9 7.8
91.35 ± 2.14 2.8 5.2
99.01 ± 1.8 5.9 7.6

is defined as the lowest concentration at which the analytical pro-
cess can reliably differentiate from background levels, was  accepted
when the intensity of the signal is three times the background noise.
The LOQ is defined as the lowest concentration at which quantita-
tive results can be reported with a high degree of confidence, which
was accepted when the intensity of the signal is ten times the back-
ground noise. For the folates derivatives, which were detected in
different leaf samples, the limits of detection and quantitation were
determined based on matrix match calibration curve, relating con-
centrations with signal to back ground noise ratios (Table 4). The
LOD and LOQ ranged from 0.003 to 0.021 and 0.011 to 0.041 �g
100 g−1, respectively.

3.2.3. Accuracy
Accuracy of the newly developed method was estimated by

recovery tests and analysis of certified reference materials BCR-
485. Pak-choi samples were spiked with a standard solution
before extraction at two different concentration levels ((low con-
tained 7.45, 34.29, 31.81, 22.57, 0.415, 7.93, and 4.82 �g/100 g
of H4folate, 5-CH3–H4folate, 5-HCO–H4folate, 10-CHO–H4folate,
10-CHO–PteGlu, 5,10 CH+–H4folate and PteGlu, respectively; high
contained 14.91, 68.59, 63.62, 45.15, 0.83, 15.87 and 9.65 �g/100 g
of H4folate, 5-CH3–H4folate, 5-HCO H4folate, 10-CHO–H4folate,
10-CHO–PteGlu, 5,10 CH+–H4folate and PteGlu, respectively). The
mean recoveries (n = 3) of seven folates vitamers were in the range
of 71.2 to 99.01% (Table 5), which indicates that the method is accu-
rate considering the low concentrations. Fig. 3 illustrates the MRM
detection of seven folate vitamers and internal standard with and
without spiked, and using different sample clean up method. In
both cases all vitamers and internal standard were baseline sepa-
rated except 10-CHO–H4folate, therefore pure standard was used
to calculate the overlapped portion with 5 CHO–H4folate.

Certified reference material mixed vegetables (BCR-485) were
used to check the accuracy and as a quality control (Table 6). In
BCR-485, only H4folate, 5-CH3–H4folate and 5-CHO–H4folate were
quantified, and the sum of folates, expressed as folic acid, was
289.30 ± 14.22 �g 100 g−1 (n = 3). In our previous report using LC
−UV/FLD we have detected 5-HCO–H4-folate in BCR-485 but failed

to quantify due to masking effect [25]. However, this time we have
detected 5-HCO–H4-folate in BCR-485 and was  23.18 ± 1.68 �g
100 g−1 (n = 3), and other folates vitamers were not detected, which
was well in line with previous reports [42,43]. The amount and vita-
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Fig. 3. Multiple reaction monitoring (MRM) of seven folate vitamers and internal standard. (a) Pak-choi (Brassica rapa, Chinensis) sample was spiked with 0.5 �g 100 g−1 of
each  folate vitamers after extraction. Samples were clean-up using 10 kDa cur-off membrane filters (details in materials and methods). (b) Pak-choi (Brassica rapa, Chinensis)
without spike. Samples were clean-up using 0.22 �m PVDF hydrophilic membrane filters (details in materials and methods).
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Fig. 4. Total folate and vitamers distribution in lettuce (Lactuca sativa), spinach
(Spinacia oleracea), pak-choi (Brassica rapa, Chinensis) and rice leaf (Oriza sativa)
samples. Samples were extracted and analyzed using our newly developed and
validated method. Samples were clean-up using 10 kDa cur-off membrane filters
(details in materials and methods). Only total folate is given in �g folic acid equiva-
lent �g 100 g−1 samples after conversion using the molecular weight of 445.44 g/mol
for H4folate, 459.56 g/mol for 5-CH3–H4folate, 473.44 g/mol for 5-HCO–H4folate,
473.44 g/mol for 5-HCO–H folate, 457.1 g/mol for 5,10-CH+-H folate, 469.4 g/mol
78 M.J.I. Shohag et al. / J. Chro

er  detected in this study was slight different form a recent report
rom Ringling and Rychlik [11], this is might be due to different
atch of CRM, extraction and instrumental variation.

.2.4. Precision and stability
The intra- and inter day precision of the entire analytical proce-

ure was evaluated by analyzing six replicates of spiked pak-choi
amples on three separate occasions (Table 5). The intraday pre-
ision varied between 1.6 to 4.1% RSD; inter-day precision varied
etween 2.8 to 7.8% RSD.

The stability of pak-choi extracts in the autosampler (+4 ◦C)
as tested by re-injectiocn of triplicate samples. The difference

etween initial (0 h) and replicate (24 h) values of total folate was
ess than 4%, which indicating that the samples were stable for at
east 24 h in the autosampler except more unstable folate vitamers

4folate.

.2.5. Internal standard and matrix effect
To compensate for losses during cleanup and for ionization

nterferences in the ion source, internal standards have been
pplied in several studies. Internal standardization is important
or an accurate and reproducible quantification. Though the usage
f stable isotope labelled folate standards is the best option
44,45], these were not used owing to their limited availability
nd high costs for analyzing large number of samples for screening
xperiments. Therefore, MTX, which has similar chemical and chro-
atographic properties as folates was used as internal standard in

ur experiment anaolgously to previous reports [30,35,39].
Evaluating matrix effects is essential when developing new MS

ethod. Co-eluting, undetected matrix compounds can enhance
r suppress the signal and, therefore, affects the reproducibility,
ensitivity and accuracy of the method [28,46]. For assessing the
atrix effect the internal standard was added before sample prepa-

ation. As can be deduced from the results in Table 5, suppression
r enhancement of the signal was compensated for by use of the
nternal standard. Furthermore, during sample analysis, the RADAR

ode was used, which enables us to screen for other co-eluting
ompounds, while monitoring the matrix background.

.3. Folates in different leafy samples

This is the first report where we separate seven vitamers of
olate using UPLC–MS/MS from the samples plant origin. The main
olate vitamers found in lettuce, spinach, pak choi and rice leaf were

4folate, 5-CH3–H4folate, 5-HCO–H4folate, 10-HCO–H4folate, 5,10
H+- H4folate, 10-HCO-PteGlu and PteGlu (Fig. 4). Total folate con-
ent in lettuce, spinach, pak choi and rice leaf were 117.45, 223.74,
07.85, 118.3 �g/100 g, respectively. 5-CH3–H4folate was found
o be the most abundant in all leaf sample analyzed. When all
he seven analogs of folates are considered, these results are in
greement with those previously published in literature for similar
lants analyzed using either microbiological assay or LC method
37,47,48].

. Conclusions

An analytical method for quantifying the folates in plant leaf
amples has been developed. This method is rapid (a chromato-
raphic run time of 5 min) and easy to operate (no laborious
lean-up). This is the first application of ultra-performance liquid
hromatography tandem quadrupole mass spectrometer quanti-
atively analyze seven vitamers of folate from plant origin. By

liminating the lengthy clean-up optimum extraction condition
akes this method more time efficient, and suitable for high

hroughput screening studies of different plant species. The valida-
ion procedures of this innovation show that the proposed method
4 4

for  10-HCO–PteGlu and 441.4 g/mol for PteGlu. Error bars indicate the standard error
(n = 3).

is selective, precise, accurate and sensitive. The advantage of using
short analytical column is to reduce the total running time, and
improve chromatographic efficiency and selectivity. The method
has been successfully applied to the determination of folates in let-
tuce, spinach, pak-choi and rice leaf samples. This method should
be applicable to vegetables and other food matrices of plant origin
for the quantitative analysis of folates.

Safety consideration

General guidelines for work with organic solvents and acids
were considered. 2,3-dimercapto-1-propanol (BAL) has been indi-
cated to be toxic by European Union regulatory information.
Solutions containing BAL should be handled with care in a fume
hood due to its pungent odor and toxicity.
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