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Abstract

An LC–MS/MS method has been developed for the determination of main monoglutamate folates in spinach with folic acid as an in-
ternal standard. A sample preparation with ultrafiltration (molecular weight cut-off membrane, 5 kDa) was followed by a chromatographic
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un of 14.2 min, rendering the method very simple and fast. The LODs in diluted spinach matrix were 0.02, 0.09, 0.05 and 0
0.037, 0.17, 0.092 and 0.055�g/100 g calculated according to the fresh weight of spinach) for 5-methyltetrahydrofolate, tetrahydr
-formyltetrahydrofolate, and 10-formylfolic acid, respectively. Using this method, the extraction behaviour of the main naturally o
onoglutamate folates has been investigated in detail. It is found that 10 min of heating at 100◦C, incubation with rat serum at 37◦C (0.05 M
hosphate buffer, pH = 6.5) for 4 h and the ratio of 10 (volume of extraction buffer versus the weight of sample, mL/g) are the
arameters for folate extraction from spinach. The final quantitative result of the individual folates in spinach is highly influenced b
from 2.9 to 8.6) of the extraction buffer.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Folic acid is a water-soluble vitamin (B9) that plays a key
unction in the methylation cycle and DNA biosynthesis. Hu-
ans and animals cannot synthesize folates by themselves,

o plant food is the main source of this vitamin. However, the
aturally occurring folate content in most plant foods usu-
lly is very low, particularly in cereals. Hence, fortification
f cereal-grain products with folic acid is common practice

n many countries[1]. Another option is to enhance the folate
evel in plants either by genetic engineering or by breeding
echniques. This recently became an increasingly important
opic [2–4]. However, the availability of reliable data about
arious folate derivatives in plants is one of key issues for
esearchers in this field.

∗ Corresponding author. Tel.: +32 9 2648135; fax: +32 9 2648183.
E-mail address:Willy.Lambert@UGent.be (W.E. Lambert).

Folate analysis has been an analytical challenge
long time because of the large number of structural ana
their lability, and low level in natural samples. The
alytical methods included mainly microbiological me
ods [5] for total folate content measurement and high
formance liquid chromatography (HPLC) for the indiv
ual folates. Among the HPLC methods, different de
tion modes have been applied, such as ultra-violet (U
diode array and fluorescence[6–12]detection, electrochem
istry [13], microbiology [14,15] and mass spectrome
(MS) or tandem mass spectrometry (MS/MS)[16–33]. Al-
though very sensitive, fluorescence and electrochemica
tection cannot be used for all folates because of the s
tural diversity of folates. UV-spectrophotometry is u
versally applicable to all folates, but is often not se
tive enough to quantify the low level of folates in sa
ples. Hence, LC–MS shows great advantages becau
its high sensitivity and selectivity. Successful results in

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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late analysis obtained with LC–MS are already numerous
[16–33].

Since LC with tandem mass spectrometric detection
(LC–MS/MS) offers both high sensitivity and much better
selectivity for the unambiguous identification and quantifi-
cation of trace-level analytes in complex samples, long sam-
ple preparation procedures can often be shortened. This is
beneficial in folate analysis because time consuming sam-
ple preparations can cause the loss of individual folates (e.g.
69% recovery of tetrahydrofolate by affinity chromatogra-
phy) [34]. Purification with solid phase extraction or affin-
ity columns was replaced by a simple and fast ultrafiltration
(membrane with molecular weight cut-off of 5 kDa) in the
present work.

Matrix effect, however, is one of shortcomings of atmo-
spheric pressure ionization (API) interfaces although this soft
ionization is responsible for the increasing success of LC–MS
during the last decades[35]. To overcome this problem, sev-
eral strategies have been proposed: additional clean-up, better
chromatographic separation, and appropriate internal stan-
dardization for compensation. For the internal standard, an
isotopically labeled compound is the best choice because it
has the same chromatographic and ionization characteristics
as the target compound. However, isotopically labeled com-
pounds are not always commercially available, or they are
highly expensive. Thus, often another compound with simi-
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(PteGlu) and methotrexate (MTX) were from Sigma
(Bornem, Belgium).

The purity of the folates and the preparation of stock so-
lutions were the same as in our previous work except that
now two antioxidants (1.0% of ascorbic acid and 0.1% of
2-mercaptoethanol) were used in all folate stock and stan-
dard solutions (instead of only 1.0% of ascorbic acid). All
stock solutions were distributed in small vials (1 mL) and
were stored at−80◦C [38].

LC–MS grade water, acetonitrile and methanol were
obtained from Biosolve (Valkenswaard, The Netherlands).
Formic acid, acetic acid, ammonium formate, ammonium
acetate, ascorbic acid, 2-mercaptoethanol and other reagents
were of high purity grade and were either from Merck (Leu-
ven, Belgium) or Sigma (Bornem, Belgium). Rat serum was
from Harlan Netherlands (Horst, The Netherlands).

2.2. Mass spectrometric instrumentation and settings

All experiments were performed by electrospray ioniza-
tion utilizing heated auxiliary gas in the multiple reaction
monitoring (MRM) mode on an Applied Biosystems API
4000 tandem quadrupole mass spectrometer (Foster City, CA,
USA), operated in the positive ionization mode with the An-
alyst 1.4 controlling software. Source conditions were set as
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ar chemical, chromatographic and ionization characteri
s used. In this work, two different candidate internal s
ards were compared.

Previous reports applied different sample prepara
echniques for folate analysis and the data showed a large
tion [36], e.g. 5-methyltetrahydrofolate in spinach ran

rom 46 [7] to 137�g/100 g[19]. Similar variations wer
bserved for other folates, like 5-formyltetrahydrofolate

etrahydrofolate. Sample preparation is very important to
nal outcome with the extraction itself being the key s
37]. It is necessary to investigate all parameters of the
le preparation that can influence the final result. This

hen be applied to interpret data obtained by other analy
ethods.
The aim of this work was two-fold: first, to set up

C–MS/MS method to analyze the main monoglutamate
ates in plant material with spinach as a model, and sec
o investigate the effect of extraction parameters on the
f individual folates in spinach.

. Experimental

.1. Chemicals and reagents

The following folates were purchased from Schirc
aboratories (Jona, Switzerland): 10-formylfolic acid (
HO-PteGlu) and folic acid triglutamate (PteGlu3). 5-
ethyltetrahydrofolate (5-MTHF), tetrahydrofolic ac

THF), 5-formyltetrahydrofolate (5-CHO-THF), folic ac
ollows: temperature at 750C, ionspray voltage at 5.5 k
he resolution of Q1 and Q3 were unit, dwell time was
s, interface heater was on, gas 1, gas 2, curtain gas

ollision activated dissociation (CAD) gas were 90, 90,
nd 6.5 psig, respectively. The voltage applied to the det
channel electron multiplier, CEM) is 2200 V. The compo
arameters for the folates and MTX are listed inTable 1.
Y-axis probe position was set at 0 mm when the HP

ow rate was higher than 0.5 mL/min (HPLC pump) whil
as set at 5 mm when flow rate was 10�L/min (syringe pump

or continuous infusion).X-axis probe position was alwa
ept at 5 mm. In view of eventual nonvolatile salts prese
he samples, the mass spectrometer was set with a de
min.
To investigate the ionization of a compound and

ptimize the compound parameters, the infusion mode
arried out at 10�L/min with a syringe pump (Harvar
pparatus, Hollington, MA, USA). A 0.1�g/mL folate

able 1
ompound parameters for folates and MTXa

Precursor
ion (m/z)

Product
ion (m/z)

DP
(V)

EP
(V)

CXP
(V)

CE (V)

-MTHF 460 313 51 15 10 29
HF 446 299 76 15 8 29
-CHO-THF 474 327 71 15 20 29
0-CHO-PteGlu 470 295 76 15 8 37
teGlu 442 295 51 15 6 27
TX 455 308 81 15 8 29
a DP: declustering potential; EP: entrance potential; CXP: collision
xit potential; CE: collision energy; V: volt.
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solution in methanol/water (50/50, v/v) containing 1.0%
of ascorbic acid and 0.1% of 2-mercaptoethanol was used
for this purpose. The organic solvent and buffer effects
were evaluated using flow injection analysis (FIA) with the
HPLC system. A 5-�L aliquot of the mixture of 1�g/mL
(each folate) was injected for each determination at a flow
rate of 1 mL/min, the source parameters were optimized
automatically with FIA under conditions closely resembling
the real chromatographic conditions.

2.3. HPLC conditions

The HPLC system is an Agilent 1100 (Palo Alto, CA,
USA) including a quaternary pump (flow rate 1.0 mL/min),
an autosampler, column oven, and degasser. The needle wash
solvent was a mixture of methanol/water (50/50, v/v). A Puro-
spher Star RP-18 end-capped column (150 mm× 4.6 mm
I.D.; octadecylsilyl, 5-�m particle size from Merck, Darm-
stadt, Germany), and a guard column RP 18 (4 mm× 4 mm
I.D.; octadecylsilyl, 5-�m particle size also from Merck,
Darmstadt, Germany) were used for all analyses.

The mobile phase consisted of eluent A (0.1% of formic
acid in water) and eluent B (0.1% of formic acid in acetoni-
trile). The starting eluent was 95% A/5% B. The proportion of
B was increased linearly to 16% in 3 min and then to 17% in
4 min. The proportion of B was then increased immediately
t ase
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of the 10�g/mL IS solution (folic acid) were added until a fi-
nal volume of 5.0 mL. After mixing, 2 mL of this solution was
transferred into another tube. The capped tube was placed at
100◦C for 10 min (inhibition of enzymatic interconversions)
and flash-cooled on ice. For deconjugation of polyglutamy-
lated folates, 100�L of rat serum was added to the extraction
solution, which was then incubated at 37◦C for 4 h. An ad-
ditional treatment of 10 min at 100◦C was carried out, again
followed by cooling on ice. Primary centrifugation was at
14 000×g for 15 min before the ultrafiltration over a 5 kDa
molecular weight cut-off membrane filter (Millipore, Brus-
sels, Belgium) at 12 000×g for 30 min. The final solution at
the bottom of centrifugation tube was ready for LC–MS/MS
analysis. During the sample preparation, all manipulations
are carried out under subdued light.

2.6. Matrix matched calibration and data analysis

For calibration purposes, 0.2 mL of the standard solutions
(see preparation of calibrators) were added to 0.4 mL of the
100-fold diluted spinach extract and the IS (final concentra-
tion: 0.19�g/mL). The ratio of the peak areas of the folates
and the internal standard was used to plot the calibration
curve for each folate. For each calibration curve, five differ-
ent concentrations were used. These data were fit to a linear
least-squares regression curve with a weighting factor of 1/x.
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o 100% and kept for 3 min. Afterwards, the mobile ph
as immediately adjusted to its initial composition and h

or 4 min in order to re-equilibrate the column. The inj
ion volume was 20�L. The column was kept at 35◦C in a
olumn oven. The autosampler (kept at 4◦C) was equippe
ith a black door avoiding samples to be exposed to l
nder these conditions, the retention times of THF, 5-MT
0-CHO-PteGlu, 5-CHO-THF, PteGlu and MTX were 4.
.78, 5.90, 6.04, 6.22 and 6.51 min, respectively.

.4. Preparation of calibrators

A folate stock solution, containing 17.5, 49.7, 3
nd 14.9�g/mL of 5-TMHF, THF, 5-CHO-THF, and 10
HO-THF in extraction buffer (0.05 M of phosphate
.5 containing 1.0% of ascorbic acid and 0.1% of
ercaptoethanol), was serially diluted in extraction buffe
repare the standard solutions ranging from 0.07 to 50 ng
he 10�g/mL solution of the IS was also prepared in extr

ion buffer. The stock solution, the standard solutions an
S solution were all kept at−80◦C.

.5. Sample preparation

For the plant samples, 0.5 g of plant material (fresh we
as grinded to a fine powder in liquid nitrogen. The pow
as transferred to a 15-mL tube, and 2.5 mL of extrac
uffer (0.05 M of phosphate buffer containing 1.0% of as
ic acid and 0.1% of 2-mercaptoethanol, pH 6.5, freshly
ared) was added. Subsequently, extraction buffer and 0
.7. Validation of the method

The following criteria were used to evaluate the meth
ensitivity, linearity (R2), intra- and inter-batch precisio
ccuracy and matrix effect. Sensitivity was assesse
valuating the LOD and LOQ values. Intra- and inter-b
recision were determined by the RSD obtained on 1
nd on different days at three levels. The accuracy o
ethod was assessed by comparing the folates found

olates added. Matrix effect was investigated based on
ethod of Matuszewski et al.[39].

. Results and discussion

.1. LC–MS/MS optimization

All folates and MTX showed much better sensitivity
ositive than in negative mode. Thus, the positive mode
hosen for all folate analyses, which is in contrast to Ga
t al. [24], but similar to Frisleben et al. and Rychlik et

16,18–20]. The organic solvents, methanol and acetonit
ommonly used in reversed chromatography were test
as found that all folate responses increased with an inc

ng percentage of both organic solvents up to high con
rations (90%). Higher percentages resulted in a decre
esponse, which has also been observed and explain
enijts et al.[40]. However, at lower percentages (5–30
cetonitrile resulted in a higher signal to noise for the
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lates as compared to methanol. Acetonitrile was therefore
adopted in our further experiments. Different buffer additives
that could influence sensitivity were evaluated, such as am-
monium formate, ammonium acetate, dimethylamine, acetic
acid and formic acid. The results showed that 0.1% of formic
acid in the eluent yielded the best results for ionization of the
folates and MTX.

The most intense fragment from all folates analyzed re-
sults from the loss of the glutamate moiety (m/z 147), e.g.
for PteGlum/z442/295, for THFm/z446/299, for 5-MTHF
m/z 460/313, for 5-CHO-THFm/z 474/327 and for MTX
m/z455/308. However, for 10-CHO-PteGlu them/z470/295
transition results from the loss of both the glutamate and the
10-formyl group (m/z28), which is different from the report
by Freisleben et al.[16]. The transition used in their work on
10-CHO-PteGlu ism/z470/452 (loss of water). The fragment
atm/z452, however, is not significant in our experiments.

3.2. Internal standard selection and matrix effect

Internal standardization is important for an accurate and
reproducible quantification. The IS not only compensates for
the loss of analyte during the sample preparation, but is also
crucial in LC–MS to compensate for matrix effects and the
variation of instrumental sensitivity. The use of isotopically
labeled folates is one option in LC–MS. Due to the cost and
l one
l ized
t
t rbis
e ina-
t d
c TX
w k. In
t m-
i
T E
( a-
t olu-
t me
o ate
t x
e and
n atrix
c %.
T was
e lates
r etric
a IS for
t that
t This
h , no
P peri-
m other
f s no
P d on

Fig. 1. The matrix effect on each folate and MTX (n= 4). Four hundred�L
(10 ng/mL) of each folate and MTX were mixed with 400�L of extraction
buffer (0.05 M of phosphate buffer, pH 6.5, containing 1.0% of ascorbic
acid and 0.1% of 2-mercaptoethanol) or with 400�L of spinach extract
solution. ME % = signal in spinach extraction solution/signal in extraction
buffer× 100.

LC-UV, fluorescence, or MS[7,11,16,18,19,36]. Konings et
al. [7] made the survey on various foods possibly containing
PteGlu, e.g. cereals, bread, rice and potatoes. However, none
of the vegetables they analyzed contained folic acid. Thus,
for the determination of folates in spinach and other vegeta-
bles not containing PteGlu there is no objection to use PteGlu
as an IS. However, for the application of this method to other
materials, such as cereal foods or other foods fortified with
PteGlu, of course the choice of IS should be reconsidered.
Isotopically labeled PteGlu is then more appropriate.

3.3. Sample preparation

Solid phase extraction or affinity chromatography was
used in earlier folate analyses. The selectivity, however,
of LC–MS and LC–MS/MS could allow a simpler sample
preparation. Protein precipitation with acetonitrile followed
by syringe filtration were used by Garbis et al. for the folate
extraction from human plasma[24]. The main challenge
with the complex plant matrices remains the matrix effect,
which affects both the precision and accuracy. As discussed
above, PteGlu has similar characteristics as the other folates
and is considered as an ideal IS here. After homogenization
in the extraction buffer, a centrifugation step followed by
a ultrafiltration on a 5 kDa cut-off membrane successfully
removed most of the polymers present in the plant extracts
[ rane,
a overy
r vels
w thod
i phic
p

3

ita-
t d a
imited commercial availability, some researchers used
abeled folate as IS for all folates while others synthes
he labeled folates themselves[16,18–20]. Another option is
o use a structurally related compound. In this way, Ga
t al. used MTX as an internal standard for the determ

ion of folates in human plasma[24]. MTX has chemical an
hromatographic properties related to folates. Thus, M
as also evaluated as an internal standard in our wor

his way, the matrix effect on MTX and folates was exa
ned according to the method of Matuszewski et al.[39].
he matrix effect (ME) is then calculated as follows: M
%) = A/B× 100. Whereby A: the data obtained in the m
rix; B: the data obtained without matrix. The standard s
ions of folates and MTX were mixed with the same volu
f extraction buffer or spinach extract solution to investig

he matrix effect. The results (Fig. 1) show that the matri
ffect on PteGlu and on the other folates was similar
ot really pronounced. On the contrary, the spinach m
learly suppressed the ionization of MTX for about 50
his excluded the use of MTX as an IS. Since folic acid
xpected to have similar characteristics as the other fo
egarding to chemical, chromatographic, mass spectrom
nd matrix effect properties, we evaluated its use as an

he developed procedure. The most important criterion is
he IS itself is not present in the samples to be analyzed.
as been confirmed by the following experiments. Firstly
teGlu has ever been found in spinach during our ex
ents, not even as a result of possible conversion from

olates during sample manipulation. Secondly, there wa
teGlu demonstrated in spinach in other reports base
41]. Folates were found not to be retained on the memb
s demonstrated from the recovery experiment. The rec
anges from 91.3 to 117.0% for low, middle and high le
ithin the calibration range of all target analytes. This me

s much simpler as compared to the affinity chromatogra
rocedure which is rather time consuming[38].

.4. Method validation

To determine the limit of detection (LOD) and quant
ion (LOQ) for each folate in spinach, we serially dilute
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Table 2
LODs, LOQs and calibration characteristics

Folate LOD (ng/mL) LOQ (ng/mL) Intercept (mean± SD,n= 3) Slope (mean± SD,n= 3) R2 Linear range (ng/mL)

5-MTHF 0.02 0.088 0.0005± 0.0007 6.7± 0.5 0.9998 0.088–17.5
THF 0.09 0.25 −0.0005± 0.0002 2.7± 0.1 0.9999 0.25–49.7
5-CHO-THF 0.05 0.16 −0.0002± 0.0003 4.9± 0.2 0.9999 0.16–32.2
10-CHO-PteGlu 0.03 0.075 −0.0006± 0.0021 8.9± 0.3 0.9999 0.075–14.9

Table 3
Precision and accuracy data

Folate Intrarun precision (n= 3, % RSD) Interrun precision (n= 3, % RSD) Accuracy (n= 3)

Low Medium High Low Medium High Low Medium High

5-MTHF 8.8 1.7 1.8 25.0 2.4 2.2 94.0 128.5 128.2
THF 10.6 3.9 2.8 8.6 6.9 6.3 94.5 89.1 92.9
5-CHO-THF 7.4 1.5 2.1 6.1 2.7 3.0 97.3 109.8 106.5
10-CHO-PteGlu 8.7 1.7 2.4 7.6 3.6 3.1 99.3 113.4 108.7

spinach sample containing 0.17, 0.50, 0.32 and 0.15 ng/mL
of 5-MTHF, THF, 5-CHO-THF and 10-CHO-PteGlu,
respectively. Using a signal-to-noise ratio of 3 and 10,
respectively, the LOD for 5-MTHF, THF, 5-CHO-THF and
10-CHO-PteGlu was 0.02, 0.09, 0.05 and 0.03 ng/mL (0.037,
0.17, 0.092 and 0.055�g/100 g calculated according to the
fresh weight of spinach) while LOQ values were 0.088, 0.25,
0.16 and 0.075 ng/mL (0.16, 0.46, 0.29 and 0.14�g/100 g
calculated according to the fresh weight of spinach), respec-
tively. Because of possible matrix effects, the quantitation
was based on standard series added to spinach. The calibra-
tion curve for each folate consisted of five points within their
linear range concentration, and the background of the matrix
was subtracted for each individual point. The calibration
curve characteristics for each folate are listed inTable 2.

The precision and accuracy for intra- and inter-assay runs
were evaluated using matrix-based quality control samples
prepared at three levels (LQC contained 0.088, 0.25, 0.16 and
0.075 ng/mL of 5-MTHF, THF, 5-CHO-THF and 10-CHO-
PteGlu, respectively; MQC contained 1.75, 4.97, 3.22 and
1.49 ng/mL of 5-MTHF, THF, 5-CHO-THF and 10-CHO-
PteGlu, respectively; and HQC contained 17.53, 49.66, 32.19
and 14.90 ng/mL of 5-MTHF, THF, 5-CHO-THF and 10-
CHO-PteGlu, respectively). Since no blank matrix free of
folates could be obtained, 1000 times diluted spinach ex-
tracts were used here. The intra- and inter-assay precision
a

The intra- and inter-assay precision ranged from 1.5 to
10.6% (RSD) and from 2.4 to 25.0% (RSD), respectively.
Accuracy ranged between 89.1 and 128.5%. The small loss
observed for THF (recovery 89.1 to 94.5%) was probably
caused by degradation of this folate.

The quantitative results obtained for the four main fo-
lates in spinach are shown inTable 4. A representative chro-
matogram of a spinach extract is shown inFig. 2.

3.5. Investigation of extraction conditions

3.5.1. Antioxidants
The folate stability has been investigated using differ-

ent combinations of antioxidants of ascorbic acid and 2-
mercaptoethanol. Earlier reports have already demonstrated
that the combination of both antioxidants is necessary for
the stability of the folates during the whole experiment[24].
A respective amount of 1.0% of ascorbic acid and 0.1% of
2-mercaptoethanol was confirmed to be necessary for stabi-
lizing all folates in our experiments, especially for THF.

3.5.2. The effect duration of heating at 100◦C
The heating time at 100◦C was set at 0, 5, 10, 20, 40

and 60 min. The results showed that heating at 100◦C is nec-
essary especially for 5-MTHF. The recovery for this folate
from spinach was improved by 50% by this procedure. The
h s en-

T
Q s in spi

F lu

B .2± 5.6
B .6± 4.9
B .4± 0.2
B .5± 1.3

I 4.4
I 1.4
nd accuracy results are shown inTable 3.

able 4
uantitative results (�g/100 g± SD;n= 3) for the monoglutamate folate

5-MTHF TH

atch 1 77.9± 4.3 44
atch 2 72.7± 2.9 51
atch 3 90.3± 4.8 40
atch 4 96.1± 3.3 41

nterrun mean 84.2 4
nterrun RSD % 12.8 1
eating step denaturates binding proteins and inactivate

nach

5-CHO-THF 10-CHO-PteG

30.4± 0.5 3.3± 0.5
29.6± 0.7 2.6± 0.5
30.4± 5.2 3.5± 0.3
37.9± 5.4 3.1± 0.2

32.1 3.1
12.1 11.6
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Fig. 2. LC–MS/MS chromatogram of the main naturally occurring monog-
lutamated folates and PteGlu (as IS) in a spinach extract. A 0.5-g of fresh
spinach was used for each determination. Hundred�L of the 10-�g/mL IS
solution and 2.5 mL of extraction buffer (0.05 M phosphate buffer, pH 6.5,
containing 1.0% of ascorbic acid and 0.1% of 2-mercaptoethanol) were fol-
lowed by addition of extraction buffer to form a final volume of 5.0 mL.
A 2-mL aliquot of this spinach extract was then deconjugated with 0.1 mL
of rat serum at 37◦C for 4 h. The delay time for the mass spectrometer was
2 min. The detected folates in spinach were 87.5, 43.9, 30.5 and 3.3�g/100 g
for 5-MTHF, THF, 5-CHO-THF and 10-CHO-PteGlu, respectively.

dogenous enzymes thus preventing further conversion of the
folates. The duration of the heating between 5 and 60 min is
indifferent except that a loss (∼10%) of THF was observed
after 60 min as compared to 5 (or 10) min. Consequently,
a 10-min heating period at 100◦C was preferred to prevent
further interconversion.

3.5.3. Time of incubation with folate conjugase
Although a 1 h incubation with rat plasma folate conju-

gase is fully adequate for the complete hydrolysis of syn-
thetic PteGlu3 in buffer solution alone, polyglutamyl folates
in cereal-grain extracts were not fully hydrolyzed in 1 h[37].
This was also confirmed in our experiments with spinach.
Incubation times of 1, 2, 4, 8 and even 19 h were tested with
spinach extract. The recovery of each folate increased with in-
creasing duration of incubation over the first 4 h and reached
a maximum at around 4 h incubation with rat serum. Prolong-
ing the incubation to 8 h did not result in a substantial gain.
This also means that the folates are stable under the condi-
tions applied (0.05 M of phosphate buffer, pH 6.5, containing
1.0% of ascorbic acid and 0.1% 2-mercaptoethanol). This is
in contrast to the low pH conditions (pH 4.8) with hog kidney

(HK) conjugase. There, long incubation times (>3 h) should
be avoided because of the lability of THF at this pH[42].
However, even at pH 6.5 longer incubation times (over night
[16]) should be avoided because there was a trend to lower
recoveries under these conditions.

3.5.4. The volume of extraction buffer
The effect of the ratio of the volume (mL) of the extrac-

tion buffer versus the weight (g) of sample on the recovery
was also evaluated. A 2.5 g of spinach and different volumes
of extraction buffers were taken for experiment. The ratios
were 1, 2, 4, 10 and 40 by using 2.5, 5.0, 10, 25 and 100 mL
of extraction buffer. Initial extraction yields were low and
increased with an increase of the ratio up to a value of ten.
Higher ratios did not enhance recoveries substantially, so a
ratio of 10 was used in further experiments.

3.5.5. Effect of pH
The extraction buffers applied in other reports had differ-

ent pH values, such as 4.1[43,44], 4.9[45], 6.0[46], 7.0[47]
and 7.8[7,16,19,48]. We investigated the effect of the pH on
the final result. The most pH dependent steps in the sample
preparation are the extraction and the deconjugation. These
steps were investigated separately.

3.5.5.1. Effect of pH on deconjugation.Earlier reports gave
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Fig. 3. The effect of pH on the recovery of main naturally occurring reduced
monoglutamate folates from spinach. A 0.05 M phosphate buffer (pH from
2.9 to 8.6) containing 1.0% of ascorbic acid and 0.1% of 2-mercaptoethanol
was used during homogenization and heating. All of the spinach extract
solutions were adjusted to pH 6.5 before deconjugation. The other steps
were the same as inFig. 2.

higher than their results (72.3%). A pH of 6.5 was chosen for
the deconjugation step in this work.

3.5.5.2. Effect of the pH on folate recovery during homoge-
nization. The effect of the pH during treatments before the
deconjugation step, e.g. homogenization, heating at 100◦C
for 10 min and another 20 min for cooling down in ice was
also evaluated. These steps were tested at different pH values
After this all extraction solutions were adjusted to the same
pH (6.5) for deconjugation and further experiments. The final
results are presented inFig. 3.

The most pH dependent folate clearly is THF. The recov-
ery of this folate was low at low pH, but could be doubled
upon increasing the pH of the extraction buffer. This phe-
nomenon was also observed by Vahteristo et al.[54]. This
group used hog kidney conjugase at pH 4.9 for deconjuga-
tion. Consequently, they did not observe THF because THF
degraded at this low pH. Vahteristo et al. also investigated the
effect of pH (pH 4.9 and 6.0) on folate recovery from broc-
coli and green peas[36]. They found that THF recovery was
much higher at high pH (pH 6.0). The same effect was also ob-
served by Konings[34]. A possible cause was the degradation
of THF under acidic conditions as confirmed by the experi-
ment below. 5-MTHF seemed to be more stable under acidic
conditions. For 5-CHO-THF, there was an optimum around
p t pH
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in spinach, the stability of each folate standard has been ex-
amined at different pH values with and without the sample
preparation. The results showed that all folates mentioned in
this work were very stable at different pH values without the
process of sample preparation. However, upon sample prepa-
ration, THF recovery showed a small decrease (around 10%)
at high pH (between 6.0 and 8.6) and an additional decrease
(around 20–30%) at low pH (between 2.8 and 5.0). This loss
of stability at low pH explains the low THF values in spinach
under those conditions. Likewise, 5-CHO-THF was not sta-
ble at low pH (from 2.8 to 4). However, above pH 5 it was
stable, again explaining why the low pH was not optimal for
this folate in spinach analysis. 5-MTHF showed higher sta-
bility at low pH, but degraded at high pH values (<10%).
10-CHO-PteGlu was very stable under all pH conditions ex-
amined here.

From these results, it is clear that the pH of extraction
buffer directly influences the final data for each folate deriva-
tive. This undoubtedly is one of the main reasons why earlier
data varied much.

4. Conclusions
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