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Abstract

The US National Institute of Standards and Technology (NIST) developed a Standard Reference Material® (SRM®) 3949
Folate Vitamers in Frozen Human Serum to replace SRM 1955 Homocysteine and Folate in Human Serum. The presence
of increased endogenous levels of folic acid and 5-methyltetrahydrofolate (SmTHF) in SRM 3949, enhanced folate stability
via addition of ascorbic acid, and inclusion of values for additional minor folates are improvements over SRM 1955 that
should better serve the clinical folate measurement community. The new SRM contains folates at three levels. To produce
SRM 3949, pilot sera were collected from 15 individual donors, 5 of whom were given a 400-ug folic acid supplement 1 h
prior to blood draw to increase serum levels of SmTHF and folic acid for the high-level material. To stabilize the folates,
0.5% (mass concentration) ascorbic acid was added as soon as possible after preparation of serum. These pilot sera were
screened for five folates plus the pyrazino-s-triazine derivative of 4-a-hydroxy-5-methyltetrahydrofolate (MeFox) at the US
Centers for Disease Control and Prevention (CDC) by isotope dilution liquid chromatography-tandem mass spectrometry
(ID-LC-MS/MS). Based on these results, a blending protocol was specified to obtain the three desired folate concentrations
for SRM 3949. ID-LC-MS/MS analysis at the CDC and NIST was utilized to assign values for folic acid and SmTHEF, as
well as several minor folates.
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Introduction

Folate is an essential nutrient, functioning as a co-substrate
in one-carbon transfers in nucleic acid synthesis and amino
acid metabolism [1]. In 1998, US and Canadian governments
began requiring folic acid fortification of certain grain prod-
ucts to reduce the risk of neural tube defects in newborns
[2, 3], and similar mandatory fortification programs have
since been established in several other countries [4]. Current
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research suggests folate status might also be associated with
several additional health outcomes including risk of cer-
tain cancers, cardiovascular disease and stroke, and autism
spectrum disorder [5-9]. However, a clear understanding of
folate’s possible biological role in these conditions, and the
relationship between folate intake and status and risk factors,
has been difficult to ascertain from epidemiological studies
and clinical trials to date [10, 11]. Therefore, there is contin-
ued interest in monitoring the folate status of individuals and
populations due to the possibility of adverse health effects
from both inadequate and excessive folate intake [10, 12—14].

The National Institute of Standards and Technology
(NIST) provides a variety of Standard Reference Materi-
als® (SRMs) for the determination of nutrient levels in
clinical matrices. To facilitate assessment of folate status,
NIST had offered SRM 1955 Homocysteine and Folate in
Human Serum since 2005, which contained three concen-
tration levels with certified values assigned for homocyst-
eine and 5-methyltetrahydrofolate (SmTHF), and reference
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values assigned for folic acid, the fully oxidized monogluta-
mate form of folate. The preparation of SRM 1955 Level 1
required that pooled human serum be diluted with phosphate
buffered saline, while Level 3 required spiking of a serum
pool with exogenous homocysteine and SmTHF to achieve
the target concentrations. SRM 1955 Level 2 consisted of a
serum pool without further manipulation.

Since its issuance in 2005, additional status assessment
needs have emerged in the context of folic acid fortifica-
tion and supplementation, which were not fully addressed
by SRM 1955. For example, concentrations of the folate
forms SmTHF and folic acid currently detected in serum
samples may well exceed the highest concentration of these
species found in SRM 1955 (=37 nmol/L for SmTHF and
~1 nmol/L for folic acid), as reported in recent National
Health and Nutrition Examination Survey (NHANES) data
[15, 16]. In addition, other folate species (vitamers) such as
tetrahydrofolate (THF), S-formyltetrahydrofolate (SfTHF),
and 5,10-methenyltetrahydrofolate (5,10-methenyl THF) may
also be present in serum samples and contribute to biological
activity. Furthermore, the biologically inactive pyrazino-s-
triazine derivative of 4-a-hydroxy-5-methyltetrahydrofolate
(MeFox), which is an oxidation product of SmTHF, may
also be present. Increased knowledge of folate stability and
the advancement of liquid chromatography-tandem mass
spectrometry (LC-MS/MS) for the determination of folate
vitamers necessitated the development of an updated SRM
design. In response to these folate measurement needs,
NIST, in collaboration with the National Institutes of Health-
Office of Dietary Supplements (NIH-ODS) and the Centers
for Disease Control and Prevention (CDC), developed an
improved material, designed specifically for the determina-
tion of folate vitamers, to replace SRM 1955. With endog-
enous SmTHF and folic acid levels covering a greater range
of biologically observed concentrations, certified values for
both SmTHF and folic acid, and enhanced folate vitamer
stability via ascorbic acid addition, SRM 3949 is a signifi-
cant improvement over the original SRM 1955 in supporting
serum folate measurement needs, further empowering epide-
miological studies and research on folate metabolism. This
new SRM 3949 Folate Vitamers in Frozen Human Serum,
which provides three levels of folates, became available from
NIST in October 2018.

Materials and methods

Reference material

The National Institute of Standards and Technology
Research Protections Office reviewed the protocol for this

project and determined it is “not human subjects research” as
defined in 15 CFR 27, the Common Rule for the Protection
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of Human Subjects. Serum used in preparation of SRM
3949 was acquired from Aalto Scientific (Eatonton, GA).
To produce SRM 3949, approximately 250 to 300 mL pilot
sera were collected from each of 15 individual donors. Each
donor serum unit contained a 2-mL side tube to allow for
screening of donor folate levels prior to pooling. Five donors
were given a 400-pg folic acid supplement 1 h prior to blood
draw to increase serum levels of SmTHF and folic acid for
the high-level material (Level 2). Total serum volume from
five donors was expected to be sufficient to produce 1 L of
this level. To stabilize the folates, 0.5% (mass concentration)
ascorbic acid was added as soon as possible after prepara-
tion of serum. These pilot sera were screened for five folate
forms and MeFox at the CDC by ID-LC-MS/MS [17]. The
distribution of folate values for all 15 donors allowed for the
creation of a blending protocol specified by NIST that was
utilized by the contractor to produce approximately equal
volumes of three levels of SRM 3949 to achieve the desired
folic acid and SmTHF values. The folic acid target concen-
trations for Levels 1, 2, and 3 were (1 +0.5) nmol/L, (10+4)
nmol/L, and (5 +3) nmol/L, respectively. The SmTHF target
concentrations for Levels 1, 2, and 3 were (10+5) nmol/L,
(50 +£5) nmol/L, and (30 + 5) nmol/L, respectively. The tar-
get concentrations for THF, 5fTHF, 5,10-methenyl THF, and
MeFox in Level 3 were all (5 +3) nmol/L. As is typical, the
minor folates SfTHF and 5,10-methenyl THF were undetect-
able by the CDC ID-LC-MS/MS method in the 15 indi-
vidual donor samples. Per the blending protocol specified
by NIST, 5fTHF (MilliporeSigma) and 5,10-methenylTHF
(Merck & Cie) were spiked into Level 3 of SRM 3949 by the
contractor to achieve the desired final concentrations. Four
of the five pilot sera from donors who were administered a
folic acid supplement displayed significantly elevated levels
of both SmTHEF and folic acid. For SfTHF and 5,10-methe-
nylTHF, the contractor obtained the chemicals and spiked
the Level 3 serum pool, based on the suggestion from NIST
to aim for the higher end of the desired concentration range
((5 +=3) nmol/L each). This was accomplished by exogenous
spiking with a high-concentration, low-volume addition of
SfTHF and 5,10-methenyl THF in aqueous solvent.

Calibration reference standards

For the preparation of calibration solutions for the NIST
methods, a neat folic acid material was obtained from LGC
Standards (Manchester, NH) and characterized at NIST.
SmTHF was obtained from Toronto Research Chemicals
(Ontario, Canada). 13C5—labeled folic acid and SmTHF were
obtained from Merck & Cie (Schaffhausen, Switzerland),
as were unlabeled and '*Cs-labeled versions of 5fTHF,
THF, and 5,10-methenyl THF. Unlabeled and '*Cs-labeled
MeFox were kindly provided by Z. Fazili and C. Pfeiffer of
the CDC and were originally obtained from Merck & Cie.
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For preparation of calibration solutions for the CDC method,
all unlabeled and '*Cs-labeled folates were obtained from
Merck & Cie.

Reagents

Ascorbic acid, mono- and di-basic potassium phosphate,
L-cysteine, hydrochloric acid, LC grade acetone, acetonitrile,
methanol, glacial acetic acid (all obtained from Millipore-
Sigma), and ammonium hydroxide (30%, volume fraction)
and formic acid (both obtained from Fluka) were used in
sample and mobile phase preparation. For NIST methods,
solid phase extraction (SPE) cartridges (BondElut phenyl,
1-mL capacity, 100-mg bed size, 40-pm particle size) were
purchased from Agilent Technologies (Lexington, MA). The
CDC method used BondElut phenyl, 1-mL capacity, 50-mg
bed size, 40-um particle size SPE cartridges from Agilent
Technologies for both screening and final characterization
sample preparation.

NIST ID-LC-MS/MS method 1

An isotope-dilution liquid chromatography-tandem mass
spectrometry (ID-LC-MS/MS) method was used to simul-
taneously quantitate multiple folate forms in SRM 3949.
The method quantifies folic acid, SmTHF, THF, 5fTHF,
5,10-methenyl THF, and MeFox. Unlabeled and labeled
folate vitamer stock solutions for calibrants and internal
standards were prepared according to procedures previ-
ously developed by the CDC [17], unless otherwise stated.
Purity of the neat unlabeled folic acid calibration stand-
ard was determined at NIST by quantitative 'H nuclear
magnetic resonance spectroscopy (q'H-NMR), and all
folic acid stock solutions were prepared gravimetrically.
SmTHEF stock solution concentrations were determined by
UV absorption at 290 nm and purity was further adjusted
by LC-UV analysis with detection at 290 nm (vide infra).
No additional purity determinations were made for the
remaining neat folate materials or stock solutions, with
stock concentrations determined by UV absorption. The
wavelengths and absorptivity coefficients for each vitamer
are listed in Online Resource 1 [18]. Stock solutions were
stored at — 80 °C when not in use. Serum vials were thawed
in the dark and thoroughly vortex mixed. All calibrants and
samples were prepared under subdued lighting. To pre-
pare samples for analysis, serum (275 pL) was mixed with
ammonium formate buffer (1% formic acid, 0.5% formic
acid, pH 3.2) (770 pL) and an internal standard mixture (55
uL) that contained '*Cs-labeled folate forms. Condition-
ing of 100-mg phenyl sorbent SPE cartridges on a vacuum
manifold system was performed with acetonitrile, metha-
nol, and 1% formic acid, pH 3.2. After the sample mixture
was added to the cartridges, they were washed with 0.05%

ammonium formate, pH 3.4 and samples were eluted from
the SPE cartridges with 49% water, 40% methanol, 10%
acetonitrile, 1% acetic acid, and 0.5% ascorbic acid and
analyzed by ID-LC-MS/MS in positive ion mode using
electrospray ionization on an Agilent 6460 triple quadru-
pole mass spectrometer coupled to an Agilent 1200 LC
system. Chromatographic separation was achieved using
a Luna C8(2) HPLC column (150 mm X3 mm, 5 um,
Phenomenex) with an isocratic premixed mobile phase
(49.5% deionized water, 40% methanol, 10% acetonitrile,
0.5% acetic acid (volume fractions)) and a total run time
of 10 min. The flow rate was 250 puL/min, the column tem-
perature was 30 °C, and the injection volume was 20 uL.
Optimized MS/MS transitions and instrument settings are
listed in Online Resource 2. For each SRM level, duplicate
preparations from ten vials (n=20), chosen in a stratified
random sampling across the entire batch, were analyzed
with two injections per preparation. Values were calculated
based on two independent sets of calibration standards.
Quantitation was performed by LC-MS/MS peak area ratio
(analyte to internal standard) and based on a y=mx+b
linear regression model using a six-point calibration curve,
including a zero-point calibrant, where calibrants were car-
ried through all sample preparation steps.

The measurements were performed as two separate sets
on two separate days. Each set contained duplicate independ-
ent sample preparations from SRM 1955 Homocysteine and
Folate in Frozen Human Serum (Level 2 and Level 3) as
controls for folic acid and SmTHF, duplicate independent
sample preparations from five independent vials for each
level of SRM 3949 (total of 20 independent preparations per
level), and two sets of six calibrants prepared from indepen-
dently prepared stock solutions. All samples were prepared
and analyzed under within-laboratory reproducibility condi-
tions. The ten vials analyzed by this method were selected
based on a stratified sampling approach to account for homo-
geneity across the batches of each level.

NIST ID-LC-MS/MS method 2

A second approach was used to measure only folic acid in
SRM 3949. Serum vials were thawed in the dark and thor-
oughly vortex mixed. All calibrants and samples were pre-
pared under subdued lighting. To prepare samples for analy-
sis, serum (300 puL) was mixed with ammonium formate
buffer (1% formic acid, 0.5% formic acid, pH 3.2) and an
internal standard mixture that contained '*Cs-labeled folic
acid (100 pL). Conditioning of 100-mg phenyl sorbent SPE
cartridges was performed with acetonitrile, methanol, and
1% formic acid, pH 3.2. After the sample mixture was added
to the cartridges, they were washed with 0.05% ammonium
formate, pH 3.4 and samples were eluted from the SPE car-
tridges with 49% water, 40% methanol, 10% acetonitrile, 1%
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acetic acid, and 0.5% ascorbic acid. The SPE procedure was
performed manually for each sample, control, and calibrant
with positive pressure using an SPE adapter and a 3-mL
plastic syringe barrel. Eluted samples were analyzed by
ID-LC-MS/MS (Sciex Qtrap 6500 + triple quadrupole/linear
ion trap mass spectrometer coupled to an Agilent 1290 Infin-
ity I LC) in positive ion mode using electrospray ionization.
Optimized MS/MS transitions and fragmentation settings
are listed in Online Resource 3. Chromatographic separa-
tion was achieved using a Zorbax SB-C18 reversed-phase
analytical column (2.1 mm X 150 mm, 3.5 um, Agilent) with
a gradient mobile phase and a total run time of 20 min (see
Online Resource 4), which is a variation of a previously
published NIST LC method [19]. The flow rate was 400 pL/
min, the column temperature was 35 °C, and the injection
volume was 20 uL. Quantitation was performed by LC-MS/
MS peak area ratio (analyte to internal standard) and based
on an average response factor from calibrants prepared at
concentration levels similar to those expected in the SRM
samples and carried through all sample preparation steps.
The measurements were performed as four separate sets on
four separate days. Each set contained duplicate independ-
ent sample preparations from SRM 1955 Homocysteine and
Folate in Frozen Human Serum (Level 2 and/or Level 3) as
controls, single independent sample preparations from six
independent vials of SRM 3949 (total of 24 independent
preparations per level) under within-laboratory reproduc-
ibility conditions, and three calibrants prepared from inde-
pendently prepared stock solutions.

CDC ID-LC-MS/MS method

An ID-LC-MS/MS method was used to measure multiple
folate forms in SRM 3949 [17, 20-22]. The method quanti-
fies folic acid, SmTHF, THF, SfTHF, 5,10-methenyl THF,
and MeFox. The calibrant solutions were prepared as previ-
ously described [17, 20] and were value assigned by UV
spectroscopy (Online Resource 1). The calibration range is
1 to 100 nmol/L for SmTHF and 0.5 to 50 nmol/L for all
other folate forms. To prepare samples for analysis, serum
(150 pL) was mixed with ammonium formate buffer and
an internal standard mixture that contained '*Cs-labeled
folate forms. Sample clean-up was performed using a 50-mg
phenyl SPE 96-well plate and an automated 96-probe SPE
system (Caliper-Zephyr; PerkinElmer Inc.) Samples were
eluted from the SPE plate with an organic elution solvent
containing ascorbic acid and acetic acid and analyzed by
ID-LC-MS/MS in positive ion mode using electrospray ioni-
zation on an AB Sciex 6500 triple-quadrupole MS system
coupled to an HP1200C LC system (Agilent Technologies).
Chromatographic separation was achieved using a Luna
C8(2) analytical HPLC column (150 mm X3 mm, 5 pm)
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with an isocratic mobile phase and a total run time of 7 min.
Quantitation was performed by peak area ratio (analyte to
internal standard) and based on linear regression using a
five-point calibration curve weighted 1/x*> where calibrants
were carried through all sample preparation steps. For each
SRM 3949 level, independent duplicate preparations from
seven vials (n=14) were carried independently through the
entire sample processing and each analyzed by single injec-
tion. The CDC measurement campaign was designed based
on consultation between NIST and CDC, with final approval
by NIST.

Folic acid purity determination by q'H-NMR

The chemical purity (mass fraction) of the neat folic acid
calibration standard was evaluated using a q'"H-NMR pri-
mary measurement procedure calibrated via internal stand-
ard [23-25]. Three samples containing accurately weighed
quantities of folic acid material (4.68 to 5.03 mg) and dime-
thyl sulfone internal standard (2.70 to 4.52 mg) were pre-
pared in D,O phosphate buffer solution (pH =~ 7.2). Purity
of the dimethyl sulfone internal standard was previously
determined by q'"H-NMR comparison to the NIST PS1 Pri-
mary Standard for quantitative NMR (benzoic acid) [26]
and is treated as 1.001 g/g, u=0.001. The purity of dimethyl
sulfone was calculated using an average value for relative
molar mass of dimethyl sulfone (based on standard atomic
weights). Treatment in the purity calculations, whereby the
limit of 1 g/g is not observed, is appropriate and does not
contribute to bias when the dimethyl sulfone is used as a
calibrant for gNMR measurement of the folic acid. "H-NMR
measurement of folic acid samples was conducted using a
Bruker AVANCE II spectrometer operating at 600.14 MHz
with a double-resonance inverse broadband probe (BBI)
optimized for 'H observation. Experiments were performed
using a 90° single-pulse sequence with the following param-
eters: 12,019 Hz (20.028 ppm) spectral width; 3706 Hz
(6.175 ppm) transmitter frequency offset; 4 dummy scans;
signal averaging of 128 scans; 60-s relaxation delay; and
5.453-s data acquisition time. Data files were apodized using
an exponentially decaying window function for 0.3-Hz line
broadening and processed with Bruker TopSpin version 3.2
software. Confirmation of folic acid chemical structure and
determination of purity were assessed through properties
of Fourier transformed 'H spectra and the respective inte-
gral ratios for folic acid and internal standard signals. The
folic acid purity results are metrologically traceable to the
International System of Units (SI) unit for mass, expressed
as mass fraction of folic acid in the calibration standard,
through linkage of the known purity value of the dimethyl
sulfone internal standard to that of the NIST PS1 Primary
Standard for quantitative NMR (benzoic acid).
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S5mTHF purity determination by LC-UV for NIST
measurements

Three independent samples of SmTHF powder ranging
from 0.8 to 2.4 mg were weighed and dissolved in ~10 g
of 20 mmol/L potassium phosphate buffer, pH 7.2. Final
SmTHF solutions ranged in mass fraction from 0.07 to
0.21 mg/g. The LC method for purity determination of
SmTHF was an extended version of a method previously
used by NIST to determine folates in food materials [19].
LC-UV absorbance analysis of all samples was performed on
an Agilent 1290 LC system equipped with a UV absorbance
detector. Separation was achieved using a Zorbax SB-C18
reversed-phase analytical column (2.1 mm X 150 mm, 3.5-
pum particle size, Agilent). The solvent system is detailed
in Online Resource 5. Additional LC parameters were as
follows: flow rate, 0.2 mL/min; column temperature, 30 °C;
autosampler tray temperature, 5 °C; injection volume, 10 pL
with UV detection performed at 290 nm. Three injections
were performed for each independently prepared SmTHF
solution. Purity was determined for each injection as the
peak area of the SmTHF ratioed to the sum of the peak areas
from integrated peaks observable in the chromatogram. The
purity estimate for the material was determined as the aver-
age purity determined from all injections, and the uncer-
tainty was estimated by the standard deviation.

Results and discussion
Preparation of SRM 3949

To achieve high levels of endogenous folic acid and SmTHF
for this serum material, 5 of the 15 individual donors were
supplemented with 400 pg of folic acid 1 h prior to blood
draw. This level of supplementation is consistent with the
adult Recommended Daily Allowance for folate and is
expected to cause a temporary increase in serum SmTHF
and folic acid. Folate screening values from the CDC
ID-LC-MS/MS method indicated that four out of those
five supplemented donors displayed elevated levels of folic
acid and SmTHF. The distribution of folate values for all
15 donors allowed for a blending protocol that resulted
in approximately equal volumes of each SRM level that
achieved the desired folic acid and SmTHF target value
ranges. The SmTHF value (value +expanded uncertainty)
for Level 2 ((45.71 +4.07) nmol/L) is higher than the highest
level in the predecessor SRM 1955 ((37.1+1.4) nmol/L).
While this value is significantly lower than some values
reported in recent NHANES (>80 nmol/L) [15], it was a
realistic target that could be achieved without the need to
screen hundreds of donors, which was not feasible. It was
also achieved by mixing endogenous serum pools, and not

through exogenous spiking, which was used for the high
level of SRM 1955. The folic acid value (value +expanded
uncertainty) for Level 2 ((6.75 +1.54) nmol/L) is sig-
nificantly higher than the highest level in SRM 1955
((1.07 £ 0.24) nmol/L) and more similar to higher fasting
values reported in recent NHANES [15]. As is typical, the
minor folates SfTTHF and 5,10-methenyl THF were undetect-
able by the CDC ID-LC-MS/MS method during the screen-
ing of all individual donor serum. These two folates were
spiked into SRM 3949 Level 3 using the prescribed blending
protocol to achieve the desired final concentrations. While a
measurable level of SfTHF was present in the final, spiked
pool of Level 3, 5,10-methenylTHF was not detected after
spiking. This is possibly due to instability of 5,10-methe-
nylTHF in the solution used for spiking if it was not prepared
at acidic pH [18].

Value assignment of folic acid, 5mTHF, 5fTHF, THF,
MeFox, and total folate

General quality assessment

All folates were analyzed simultaneously by NIST
ID-LC-MS/MS method 1 and the CDC ID-LC-MS/MS
method. For NIST method 1, example chromatograms for
a NIST calibration mix solution and SRM 3949 Level 2 are
shown in Figs. 1 and 2, respectively. The folates elute in two
clusters. The first occurs at ~2.2 min and consists of SmTHF,
THEF, and 5,10-methenyl THF, while the second cluster elutes
at ~3.2 min and consists of folic acid, SfTTHF, and MeFox.
For the CDC ID-LC-MS/MS method, example chromato-
grams for a folate calibration mix and SRM 3949 Level 2
are shown in Figs. 3 and 4, respectively. The folates elute
in two clusters. The first occurs at 2.4 min and consists
of SmTHF, THF, and 5,10-methenyl THF, while the second
cluster elutes at ~3.1 min and consists of folic acid, SfTHF,
and MeFox. Co-eluting folates from both ID-LC-MS/MS
methods were further resolved by MS/MS detection of their
specific transitions. Only folic acid was analyzed using NIST
ID-LC-MS/MS method 2 and elutes at ~#10 min as shown
in the example chromatograms for a folic acid calibrant and
SRM 3949 Level 2 in Figs. 5 and 6, respectively.

To assess any inhomogeneity of SRM 3949, analyses of
variance (ANOVA) with 5% significance level and graphical
analyses were run on NIST data where fill order informa-
tion was available from vials chosen in a stratified random
sampling of the entire batch for each level. In general, there
was not significant inhomogeneity and no uncertainty com-
ponent for inhomogeneity was included in the combined
uncertainty calculations. For folic acid, some of the ANOVA
tests did turn out to be statistically significant, but whatever
box order effects may have been detected were not consist-
ent either in the box differences or in scale when comparing
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Fig. 1 Representative MRM 10
chromatograms (quantifier) n
for calibrant mixture (NIST
ID-LC-MS/MS method 1) with
all folates at ~14 nmol/L. The
folates are indicated as folic
acid (also known as pteroyl-
glutamic acid, PGA) in light o
pink, 5fTHF in dark pink, o
MeFox in light green over pink,
SmTHEF as light green, THF

in light orange over green, and
5,10-methenyl THF in light
orange (additional co-eluting
peaks represent the.'3Cs-labeled
analogs for each folate vitamer
indicated)

Intensity, cps

5mTHF  S5fTHF |
N

THF

5,10 CH=THF

Fig.2 Representative MRM 104 ¢
chromatograms (quantifier)
for SRM 3949 Level 2 (NIST
ID-LC-MS/MS method 1). The
folates are indicated as folic
acid (also known as pteroyl-
glutamic acid, PGA) in dark
purple, SfTHF in orange over
purple, MeFox in blue, SmTHF
as light green, THF in green
over orange, and 5,10-methe-
nylTHF (5,10 CH=THF) in
red (additional co-eluting peaks
represent the.!*Cs-labeled
analogs for each folate vitamer
indicated)

Intensity, cps

trime (min)

5,10 CH=THF

N it

data from NIST methods. This indicated that the variability
is due to other factors like measurement variability rather
than inhomogeneity of the materials. Homogeneity plots for
all folates based on NIST measurements are displayed in
Online Resource 6.

SRM 1955 Level 2 and Level 3 were analyzed as con-
trols along with all NIST measurements (Table 1). For NIST
method 1, the folic acid values for SRM 1955 Level 2 and
Level 3 overlap the reference values within one standard
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Time (min)

deviation. For SmTHF, the SRM 1955 Level 2 value was
slightly lower than the certified range. However, the SRM
1955 Level 3 value overlaps the certified value within one
standard deviation. NIST method 2, which focused solely on
folic acid measurements, resulted in SRM 1955 values that
fell within the reference range for both control levels. SRM
1955 Level 2 and Level 3 were also analyzed as controls
along with all CDC measurements. For SRM 1955 Level
2, the CDC 5mTHEF value was slightly above the certified
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Fig.3 Representative MRM g
chromatograms for folate
calibration mixture (CDC
ID-LC-MS/MS method)

with 20 nmol/L for SmTHF
and 10 nmol/L for all other
folate forms. The folates are
indicated as folic acid (also
known as pteroylglutamic acid,
PGA) in dark blue, SfTHF in
purple, MeFox in light blue,
SmTHF as gray, THF in red,
and 5,10-methenyl THF (5,10
CH=THEF) in green

Intensity, cps

SRM 3949 Level 2: 5SmTHF (m/z: 460.2/313.2)

46e5

4.4e5

4.2e5

4.0e5

38e5
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B X(C of +MRM (15 pairs): 442.300/295 200 Da ID: PGAS from Sample 14 (Folate07) of Se033116.wiff (Turbo Speay lonDrive)
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5,10 CH=THF —lf’ | \\‘_THF
¥

Max. 16e5 cps.

f—— SMTHF

00’
)

SRM 3949 Level 2: PGA (m/z: 442.3/295.2)

SRM 3949 Level 2: MeFox (m/z: 474.2/284.2)
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Fig.4 Representative MRM chromatograms for folate forms in SRM 3949 Level 2 (CDC ID-LC-MS/MS method)

range and the folic acid value was slightly above the refer-
ence range. However, the mean folic acid value was similar
to that measured by NIST. For SRM 1955 Level 3, the CDC
SmTHF value and the folic acid value both overlap the certi-
fied value and reference value within one standard deviation,

respectively. Since the initial value assignments of SRM
1955, NIST has updated its approach to determining purity of
neat folate reference standards and both NIST and the CDC
have updated their ID-LC-MS/MS methods, which may
account for some bias observed in control measurements.
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Fig.5 Representative chroma-
tograms for calibrant (NIST 160
ID-LC-MS/MS method 2). The 1.504
blue trace represents the transi-
tion for folic acid (=1 ng/g final
concentration), whereas the red 1.3e4
trace represents the transition
for 13Cs-folic acid
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Folic acid in SRM 3949

Al NIST folic acid measurement values were corrected for
the purity of the calibration standard (90.51% +0.40%, value
(mass fraction) & Uys), as determined by qu-NMR. Given
that CDC assigned calibrator stock concentrations spectro-
photometrically, folic acid measurements were not further
corrected for purity.
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For NIST method 1, the response for Level 1 was deter-
mined to be below the limit of quantitation and was not uti-
lized in the determination of the certified value. Although
the NIST method was modeled after the CDC method, the
NIST folic acid values for Levels 2 and 3 were ~20% lower
than those of CDC (Table 2). An additional measurement
campaign at NIST focusing only on the measurement of
folic acid was conducted in response to the measurement
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Table 1 Method-specific results
for folate vitamers in SRM

CDC ID-LC-MS/MS

NIST 1 ID-LC- NIST 2 ID-LC-

1955 controls (mean =+ standard MS/MS MS/MS
deviation) Folic acid (nmol/L) (nmol/L) (nmol/L) Reference value (nmol/L)
Level 2 1.32+0.06 1.25+0.20 1.03+0.04 1.05+0.16
Level 3 1.31+0.07 1.47+£0.22 1.01+0.03 1.07+0.24
SmTHF (nmol/L) (nmol/L) (nmol/L) Certified value (nmol/L)
Level 2 10.8+0.29 8.87+0.57 N/A? 9.73+0.24
Level 3 38.4+0.29 335+23 N/A 37.1+14

2N/A, not determined

discrepancy. A second analyst conducted measurements
with a variation of the initial ID-LC-MS/MS method. This
second NIST method attempted to address the possibilities
that the spiking of other folate internal standards and/or that
added time required for gravimetric preparation of multi-
folate calibrants and samples were introducing a negative

Table 2 Method-specific results for folate vitamers in SRM 3949.
Relative standard deviations (% RSD) are given in parentheses

CDC ID-LC-MS/MS NIST 1 NIST 2
ID-LC-MS/  ID-LC-
MS MS/MS
(ng/g) (ng/g) (ng/g)
Folic acid
Level 1 0.50 (9.5) ND? 0.36 (4.1)
Level 2 3.24 (5.8) 2.55 (8.6) 2.62 (1.0)
Level 3 2.24 (6.0) 1.81 (12) 1.77 (1.5)
SmTHF
Level 1 7.09 (3.8) 6.10 (13) N/AP
Level 2 2142 (2.2) 19.61 (7.0) N/A
Level 3 13.97 (2.3) 12.29 (6.6) N/A
THF
Level 1 ND 0.50 (44) N/A
Level 2 0.42 (15) 0.91 (64) N/A
Level 3 0.39 (9.4) 0.83 (63) N/A
SfTHF
Level 1 ND ND N/A
Level 2 ND ND N/A
Level 3 2.46 (3.6) 4.31 (16) N/A
MeFox
Level 1 0.55 (6.8) 0.91 (24) N/A
Level 2 0.81 (4.7) 1.00 (23) N/A
Level 3 0.90 (5.9) 1.15 (52) N/A
(nmol/L) (nmol/L) (nmol/L)
Total folate
Level 1 16.95 (3.8) N/A N/A
Level 2 56.01 (2.5) N/A N/A
Level 3 41.80 (1.8) N/A N/A

AND, not detected; below limit of detection

YN/A, not determined

bias into the final NIST folic acid values compared to CDC
values. In addition, the second NIST analyst provided addi-
tional method orthogonality to NIST Method 1 and the CDC
method through (1) the use of an internal standard/match-
ing calibration scheme, (2) the use of different LC-MS/
MS instrumentation, and (3) the use of a manual, positive
pressure syringe solid-phase extraction process. The mean
results of the second NIST method were consistent with first
NIST method (Table 2). However, the second NIST method
had a lower limit of quantitation and was able to measure the
folic acid in Level 1. Overall, the %RSD of the second NIST
method was lower than that of the first method, with values
ranging from 1.0 to 4.1% versus 8.6 to 12%, respectively. For
folic acid, the CDC method displayed %RSDs ranging from
5.8 t0 9.5%. For all methods, the highest %RSD values were
associated with measurements of the lower folic acid levels
as would be expected. In an independent study, CDC had
also confirmed that there was no difference in their method
results for measurements of folic acid as a single analyte
or if it was measured as part of the established multi-folate
analyte method.

The final certified folic acid values are based on the mean
of the CDC method and NIST method estimate (mean of
means of the two NIST methods) (Table 3). As the source
of the ~20% bias among CDC and NIST folic acid values
remains elusive, the CDC estimate and the mean NIST esti-
mate were weighted equally in the combined value. Each
method estimate is the mean of the measurements for that
analyte using that method, with the uncertainty being the
standard error of that mean. For the NIST mean folic acid, an
additional (very small) uncertainty related to purity estima-
tion is incorporated. An additional estimate in the units ng/
mL is given by multiplying by the density (in g/mL) for that
level and incorporating the (very small) uncertainty associ-
ated with density estimation (Table 3). The within-method
variability is dominated by the between-method variability.
The uncertainty of the combined mean is estimated using
a bootstrap procedure based on a Gaussian random effects
model for the between-method effects [27-31]. The certified
folic acid values are metrologically traceable to the SI meas-
urement units through the q'H-NMR purity determination of
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Table 3 Certified (in bold) and non-certified values for folates in SRM 3949

Folate Level 1 Level 2 Level 3

(ng/g)® (ng/mL)®  (nmol/L)©  (ng/g)® (ng/mL)®  (amol/L)®  (ng/g)® (ng/mL)®  (nmol/L)©
Folicacid  0.43+0.13 0.44+0.14 1.00+0.32 2.91+0.67 298+0.68 6.75+1.54 2.01+0.44 2.06+045 4.67+1.01
5mTHF 6.60+0.97 6.75+1.00 14.69+2.18 20.52+1.83 21.00+1.87 45.71+4.07 13.13+1.69 13.45+1.73 29.27+3.77
THF 0.50+£0.08 051008 1.14+0.18 0.67+049 0.68+0.50 1.53+1.12 0.61+£043 0.62+044 1.39+0.99
5fTHF ND ND ND ND ND ND 339+1.86 347+190 7.33+4.01
MeFox 0.73+0.36 0.75+0.37 1.58+0.78 0.90+0.18 093+0.19 1.96+040 1.02+026 1.05+026 2.22+0.55
Total folate N/A N/A 17.0£04  N/A N/A 56.0+0.8 N/A N/A 41.8+0.5

ND, not detected; below limit of detection
N/A, not determined

*Values are expressed as x + Uysq,(x), Where x is the estimated value and Uysq(x) is the expanded uncertainty of the value. As measured by the
specific method(s), the true value of the analyte is believed to lie within the interval x + Ugsq(x) with about 95% confidence

YMass concentration values were calculated from mass fractions using measured serum densities (mean + standard deviation, n=3): Level 1,
(1.02332+0.00032) g/mL; Level 2, (1.02376 +0.00031) g/mL; Level 3, (1.02435 +0.00047) g/mL [33]

“Amount concentration values, nmol/L, are calculated from mass concentration results, nanogram per milliliter, via multiplication by 1000/M,
where M is the molar mass, grams per mole, of the analyte. Relevant molar masses are: M, ,ia=441.40 g/mol, Ms_ . iyieetranydrofolae = 43946 8/

mol, M,

etrahydrofolate

the primary folic acid standard employed in the NIST meth-
ods and to mass attenuation (extinction) coefficient values
and results from spectrophotometric procedures in methods
used by CDC.

5mTHF in SRM 3949

For NIST method 1 SmTHF measurements, the calibra-
tion stock solution concentrations were initially calculated
based on absorbance at 290 nm and an absorptivity coef-
ficient of 31,700 L mol~! cm™! [18], but were then further
corrected using an LC-UV absorbance peak area approach
at 290 nm. The purity estimate of SmTHF at 290 nm was
determined to be 95.80% + 0.50% (mean + standard devia-
tion, n=3). CDC assigned calibrator stock concentrations
spectrophotometrically without additional adjustments.
NIST measured SmTHF values were 8.6 to 15% lower
than those of CDC (Table 2). While a portion of this low
bias could be associated with the additional correction
to NIST calibration stocks, it would not account for the
total bias. For SmTHF, the NIST method %RSDs ranged
from 6.6 to 13%, while the CDC method %RSDs ranged
from 2.2 to 3.8%. The final certified SmTHF values are
based on the mean of the CDC method mean and NIST
method mean (Table 3), which were weighted equally.
Each method estimate is the mean of the measurements
for that analyte using that method, with the uncertainty
being the standard error of that mean. For the NIST mean
5SmTHEF, an additional (very small) uncertainty related to
purity estimation is incorporated. An additional estimate
in the units ng/mL is given by multiplying by the den-
sity (in g/mL) for that level and incorporating the (very

@ Springer

=445.43 g/mOL MS—formyltetrahydmf(ylute =473.44 g/mOI’ MMeFox =473.44 g/mOI

small) uncertainty associated with density estimation
(Table 3). The within-method variability is dominated
by the between-method variability. The uncertainty of
the combined mean is estimated using a bootstrap proce-
dure based on a Gaussian random effects model for the
between-method effects [27-31]. Metrological traceabil-
ity of the certified SmTHF values is to the measurement
units realized through purity determination of the primary
SmTHF standard employed in the NIST method.

5fTHF, THF, and MeFox in SRM 3949

Calibrator stock concentrations for SfTTHF, THF, and MeFox
were determined spectrophotometrically without additional
adjustments by both NIST and the CDC. For THF in Level
1, the CDC measurements were below the limit of quantita-
tion. Therefore, the assigned value for Level 1 (Table 3) is
based only on the mean and expanded uncertainty of NIST
ID-LC-MS/MS results (Table 2).

NIST measured THF values were ~100% higher than
those of CDC (Table 2). For THF, the NIST method %RSDs
ranged from 44 to 63%, while the CDC method %RSDs
ranged from 9.4 to 15%. The very high %RSD values for
all NIST measurements may be due to issues of reproduc-
ibility in extracting THF and/or the quality of peak shape or
interferences.

5fTHF was only detected in the Level 3 material, as
expected, based on the initial CDC screening of individual
donor serum and specification that it be spiked into the
Level 3 pool by the contractor. The NIST 5fTHF value was
biased 75% high compared to that of CDC (Table 2). For
SfTHF, the NIST method %RSD was 16%, while the CDC
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method %RSD was 3.6%. The contractor was instructed
to spike Level 3 to a final concentration of 5+ 3 nmol/L,
along with a general suggestion to target the higher side
of the acceptable range. The CDC value was within the
target range (~5 nmol/L, ~2.4 ng/g), while the NIST value
was high compared to the target (%9 nmol/L, ~4.3 ng/g)
(Table 2).

NIST measured MeFox values were biased 13 to 62%
high compared to those of CDC (Table 2). For MeFox, the
NIST method %RSDs ranged from 23 to 52%, while the
CDC method %RSDs ranged from 4.7 to 6.8%. Similar to
THEF, the very high %RSD values for NIST MeFox meas-
urements may be due to issues of reproducibility extracting
MeFox and/or the quality of peak shape or interferences.

The final non-certified SfTTHF, THF, and MeFox values
are based on the mean of the CDC method mean and NIST
method mean, except for THF in Level 1 (Table 3). For
THF in Level 1, the value is based on only one method
and the uncertainty is the uncertainty of the single method
estimate used. For the other non-certified values, NIST
mean and the CDC mean were weighted equally. For the
NIST mean of the non-certified folates, an additional
estimate in the units ng/mL is given by multiplying by
the density (in g/mL) for that level and incorporating the
(very small) uncertainty associated with density estima-
tion (Table 3). The within-method variability is dominated
by the between-method variability. The uncertainty of the
combined mean was estimated using a bootstrap proce-
dure based on a Gaussian random effects model for the
between-method effects [27-31]. Non-certified values for
5fTHF, THF, and MeFox are metrologically traceable to
the measurement procedures utilized for value assignment,
as previously described.

Total folate in SRM 3949

The non-certified total folate values for all three levels of
SRM 3949 are based on the sum of the individual folate
measurements obtained at the CDC by ID-LC-MS/MS
(Table 3) and are reported using amount concentration units
(nmol/L). Only measured folate values at or above the limit
of quantitation were summed. Non-certified values for total
folate are metrologically traceable to the CDC ID-LC-MS/
MS method. While LC-MS/MS methods are developed to
determine levels of individual folate vitamers, laboratories
that use methods such as microbiological assays, which
report total folate, may still be able to utilize SRM 3949 as
validation materials for these methods.

Additional studies

NIST and CDC collaborated on additional studies to investi-
gate the possibility of calibration bias in the final measured

values. In the first study, NIST provided prepared folate
stock solutions to CDC for analysis and use in the folate
measurements of quality control (QC) and reference mate-
rials. The results of that study suggested that differences
between CDC and NIST results were not a result of cali-
bration bias for folic acid and MeFox. Results did how-
ever suggest that the differences for SmTHF and 5fTHF
concentrations may be due, in part, to calibration bias. For
SmTHEF, NIST performed a purity correction to the original
stock concentrations determined through UV absorbance,
which could account for a portion of the observed bias. In a
second study, NIST provided powder stock of folic acid to
CDC, which had been procured from a different source than
that of CDC. CDC prepared a calibrator stock from NIST
powder stock and compared folic acid results for QC and
reference materials. Similar to the previous study, folic acid
results were similar when either NIST or CDC calibrators
were used. While calibration bias may account for some of
the overall bias for a subset of folates, it does not appear to
be the dominating factor. While NIST endeavored to repro-
duce the CDC LC-MS/MS method in NIST laboratories,
there were still notable differences in the sample prepara-
tion. Several aspects of the NIST methodology extend the
length of time for sample preparation. Additional time is
needed for spiking internal standards into calibrants and
samples, which is performed gravimetrically at NIST. Also,
at NIST, the SPE sample preparation step was performed
using either a 12-port vacuum manifold (NIST method 1) or
manual positive pressure syringe (NIST method 2), versus
an automated 96-probe SPE system at CDC. The extended
time of sample preparation at ambient temperature could
allow for degradation or interconversion of folates.

Conclusion

The protocol used to design SRM 3949 Folate Vitamers
in Frozen Human Serum resulted in the production of a
new SRM that provides three folate concentration levels,
including a high level that better reflects folic acid and
SmTHEF levels recently observed in the US population. In
addition to certified values assigned for both SmTHF and
folic acid, SRM 3949 is also characterized with non-certi-
fied values for the minor folate metabolites THF, 5fTHF,
and MeFox, which had not been assigned in the previous
SRM 1955. Except for 5,10-methenyl THF, which was
likely added in an unstable manner to Level 3, the origi-
nal folate target values were achieved. The presence of
endogenous levels of folic acid and SmTHF, enhanced
folate stability via ascorbic acid addition during serum
processing, and the addition of minor folate values are
improvements over SRM 1955 that are expected to better
serve the folate measurement community. The observed
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measurement biases that persist between NIST and CDC
folate measurements resulted in the assignment of an
equally weighted certified value and with an uncertainty
representative of the best estimate of the true concentra-
tion range in SRM 3949. While the certified uncertainties
of folic acid and 5SmTHF are wider compared to many
other clinical matrix NIST SRMs, they are similar or
narrower than the ranges of median %CVs (2.0 to 23%
and 1.7 to 9.8% for folic acid and SmTHF, respectively)
and mean relative % biases (—47 to 578% and — 24 to
30% for folic acid and SmTHEF, respectively) reported
across 14 laboratories measuring folates in serum by
LC-MS/MS in a round robin study administered by the
CDC [32]. SRM 3949 with certified values for folic acid
and SmTHEF can support the need for improved accuracy
among LC-MS/MS methods and comparability across
laboratories.
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