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Authors: Petra Ložnjak, Carolina Garcı́a-Salinas, Rocı́o Isabel
Dı́az de la Garza, Anette Bysted, Jette Jakobsen

PII: S0021-9673(19)30185-2
DOI: https://doi.org/10.1016/j.chroma.2019.02.037
Reference: CHROMA 360046

To appear in: Journal of Chromatography A

Received date: 3 October 2018
Revised date: 12 February 2019
Accepted date: 16 February 2019
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Abstract 

A rapid, sensitive and reproducible method for analysis of naturally-occurring folates and folic acid 

in food has been developed and validated. A single-enzyme extraction step, in which a pure 

recombinant enzyme of plant origin (Arabidopsis thaliana) was used, enabled fast and reproducible 

deglutamylation during folate extraction within the incubation time of 1 h. Six commonly occurring 

folate forms (tetrahydrofolate, 5,10-methenyltetrahydrofolate, 10-formylfolic acid, 5-

formyltetrahydrofolate, folic acid and 5-methyltetrahydrofolate) were detected and quantified in 9 

min using liquid chromatography-tandem mass spectrometry (LC-MS/MS). 13C5-labeled 5-

formyltetrahydrofolate, 13C5-labeled folic acid and 13C5-labeled 5-methyltetrahydrofolate were used 

as internal standards for the quantification. The method is described by a calibration curve (R2>0.99 

and trueness 85-115%), a limit of quantification at 0.1 µg/100 g, trueness at 80-120% in spiked 

samples and certified reference materials, and a precision <10%. However, the precision in 

quantification of tetrahydrofolate was not within the acceptable limits due to the lack of use of the 

corresponding internal standard. An interconversion study of unstable formyl forms was performed 

which showed that 50% of 5,10-methenyltetrahydrofolate is converted to 5-formyltetrahydrofolate 

during the analysis. The developed LC-MS/MS method is a candidate for a future standard method 

for folate analysis in food. 

Keywords 

Folates; Plant enzyme; LC-MS/MS; Extraction; Food; Interconversion 

1. Introduction  

Folate or vitamin B9 is a generic term for a group of water-soluble compounds that are essential 

cofactors for humans since folate biosynthetic pathways in mammals are absent [1]. Folates play a 

key role in one carbon transfer reactions in all living organisms, being important for synthesis, 
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reparation, and methylation of DNA and consequently for cell division and production of red blood 

cells. They are involved in the prevalence of neural tube defects (NTDs) and in the methylation 

metabolisms [2,3]. There are strong evidences for a relationship between adequate folate status, 

reduced homocysteine concentration and reduced risk of coronary heart diseases [4,5]. The main 

food sources of folates are green vegetables, legumes, liver, and certain fruits such as tropical fruits 

and berries, whereas the folate content in commonly consumed fruits such as bananas and apples is 

insignificant [6]. The daily dietary intake from food among population is lower than the 

recommended 300 µg/day in Nordic countries [7] and 400 µg/day in the USA [8]. A comparison of 

standardized dietary folate intakes across different European populations showed that daily dietary 

folate intake is the lowest in Nordic countries, whereas it ranged from 201 µg/day in Swedish 

women to 304 µg/day in Danish men. In general, women population in Nordic countries which took 

part in this study had daily dietary folate intake <259 µg/day [9]. High prevalence of inadequate 

dietary folate intake resulted in introducing mandatory food fortification by folic acid, a synthetic 

form of vitamin B9 that can act as cofactor after its reduction in the intestine. In 1998, the 

mandatory fortification of enriched cereal grain products with folic acid was implemented in the 

United States, Canada, and Costa Rica, followed by 53 other countries which decreased the 

prevalence of NTDs and vascular diseases [10]. The current strategy of the European Union (EU) is 

to set recommendations in order to reduce the prevalence of NTDs [11,12]. Therefore, women, who 

are planning to become pregnant, are advised to take supplements additionally to food rich in 

folates. Up to now, the EU did not introduce mandatory folic acid fortification, due to the 

connection between the chronic excessive intake of folic acid and some adverse health effects [13], 

among the others, a positive association between increased risk of breast cancer in postmenopausal 

women [14]. Since 44% of the pregnancies worldwide are unintended [15], these women could be 

less motivated to take folic acid supplementation, which results in a failure of prevention despite the 
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recommendation. As health benefits from an adequate natural folate intake are numerous for the 

whole population, and concerns about folic acid excessive intake do not apply to natural folates, it is 

important to increase the intake of naturally occurring folates from food. 

Folates are labile compounds, very sensitive to different environmental conditions such as exposure 

to light, oxygen or temperature, which affects their stability during food processing [16–18]. The 

chemical structure of folates consists of a pteridine ring attached by a methylene bridge to p-

aminobenzoic acid, which is coupled to one or more glutamyl residues. Natural folates are a 

mixture of reduced tetrahydrofolates (H4folate), substituted by methyl (CH3), formyl (HCO), 

methylene (CH2), methenyl (CH+) or formimino (CH=NH) groups [19]. Assuming that at least 3 

states of reduction of the pteridine ring can occur, that the length of the polyglutamyl chain can 

include more than 6 residues, and that 6 different one-carbon substituents can be present on N5 and 

N10 position of the molecule (Fig. 1), there are more than 150 different folate forms in nature.  

The most abundant natural folate form in food is 5-methyltetrahydrofolate (5-CH3-H4folate), 

followed by the formyl forms; 5-formyltetrahydrofolate (5-HCO-H4folate) and 10-formylfolic acid 

(10-HCO-PteGlu). Furthermore, folate forms are formed by interconversion and oxidation such as 

5,10-methenyltetrahydrofolate (5,10-CH+=H4folate), 10-formyldihydrofolate (10-HCO-H2folate), 

and 10-formylfolic acid (10-HCO-PteGlu)[19]. Tetrahydrofolate (H4folate) is one of the most 

sensitive folate forms, but it occurs in minor concentrations in food. However, in liver H4folate 

provides the second largest folate contribution following 5-CH3-H4folate [20,21].  

Folate analysis in foods have been challenging, due to the structural differences and multiplicity of 

folate forms, their low stability and low concentrations in food, but also because of the complexity 

of sample matrices. The analytical steps involve the liberation of folates from cellular matrix, 

removal of the polyglutamyl chain and formation of reduced mono- and diglutamate forms followed 

ACCEPTED M
ANUSCRIP

T



5 

 

by detection by the microbiological or chemical assays. Microbiological assay, which utilizes 

estimation of the growth of bacteria such as Lactobacillus sp, was the only method for folate 

analysis recommended by Association of Official Analytical Communities International [22]. Even 

though microbiological assay is a very sensitive method, it is very tedious, time-consuming, and the 

results depend a lot on the folate form used as a calibration compound [23]. Furthermore, it is not 

possible to distinguish between the folate forms present in food samples which is necessary due to 

the presumed different bioavailability of various folate forms [24,25]. Chemical assays have been 

introduced using chromatographic techniques combined with different detectors such as; ultra-violet 

(UV), diode array (PDA) and fluorescence [26–28], electrochemical [29,30], mass spectrometry or 

tandem mass spectrometry [31–34]. These methods are able to quantify each of the folate forms 

separately. Among the detection principle, mass spectrometric detection in combination with the 

use of isotopically labeled internal standards is the optimal choice in folate analysis due to 

sensitivity, selectivity and applicability to various folate forms.  

For chemical assays, polyglutamate folates present in food samples are enzymatically hydrolyzed to 

monoglutamate forms by the use of ɣ-glutamyl-hydrolases (GGHs). The most commonly used 

GGHs are of animal origin such as rat plasma/serum, human plasma/serum and the extracts of hog 

kidney and chicken pancreas. Chicken pancreas is only able to remove polyglutamyl tail until 

diglutamate forms and it is, therefore, combined with some other deconjugases in LC-MS/MS 

analysis. Rat plasma/serum are the most commonly used, probably due to the commercial 

availability and very low amounts of endogenous folates [32,33,35–37]. In 1990, Martin et al. [38] 

introduced tri-enzyme treatment which included the use of α-amylase and protease prior the GGH 

in order to release folates from food matrix and improve their extraction. Puwastien et al. [39] 

conducted an inter-laboratory study for three food materials (soybean flour, fish powder, and 

breakfast cereal) in 26 laboratories worldwide. Even though tri-enzyme extraction was 
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recommended for folate extraction, only 9 laboratories used that method, while 8 laboratories used 

only GGH. Also, among 17 laboratories where L. casei microbiological assay was performed, the 

inter-laboratory coefficient of variation between the test materials was 24%, 35% and 24% for 

soybean flour, fish powder and breakfast cereal, respectively. Due to the numerous possibilities of 

folate extraction, it has become a bottle-neck in folate analysis.  

Recombinant plant GGHs have been produced in engineered E. coli [40,41], which enabled faster 

and more accurate folate analysis in papaya, tomato, banana and avocado fruit by the use of HPLC 

coupled to a four-channel electrochemical detector [42]. Progress in mass spectrometry resulted in 

worldwide use of various MS/MS detectors, which makes them suitable for development of a 

chromatographic standard method. Although both of these detectors are highly sensitive, the better 

selectivity, the unaltered capacity of detection with the time and easier handling with the system 

makes LC-MS/MS a system of choice for folate analysis. Recently, a LC-MS/MS method for 

quantification of PteGlu, 5-CH3-H4folate and 5-HCO-H4folate has been successfully tested in infant 

formula and adult nutritionals by the use of tri-enzyme extraction [43]. The aim of this study was to 

develop a rapid, sensitive and reproducible LC-MS/MS method for folate analysis in foodstuffs 

such as: dairy products, cereals, legumes, fruit, vegetables, offal and meat, using a GGH of plant 

origin (Arabidopsis thaliana). 

 

2. Materials and methods 

2.1. Chemicals and reagents 

2.1.1. Enzyme preparation 

Kanamycin and chloramphenicol (Tropigen, Montreal, QC, Canada), β-mercaptoethanol, imidazole, 

and LB medium (Sigma Aldrich, Missouri, USA), isopropyl-D-thiogalactopyranoside (IPTG) 
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(Promega, Wisconsin, USA), potassium phosphate, sodium chloride, and hydrogen chloride (Fisher 

Scientific, New Yersey, USA). 

2.1.2. Folate extraction and quantification 

Ammonium acetate, ascorbic acid (Asc), sodium dihydrogen phosphate, sodium hydroxide solution, 

and ortho-phosphoric acid, 85% (Merck, Darmstadt, Germany), glacial acetic acid, and sodium 

phosphate dibasic anhydrous (Fisher BioReagents, Geel, Belgium), ammonium hydroxide, 28-30 

wt% solution in water, and ammonium formate (Acros Organics, Geel, Belgium), β-

mercaptoethanol, and formic acid (Sigma-Aldrich, Steinheim, Germany),  methanol (Honeywell 

Riedel-de Haën, Seelze, Germany), and acetonitrile (VWR International, Fontenay-sous-Bois, 

France). Ultra-pure water (18.2 MΩcm) was obtained from Milli-Q water purification system 

(Millipore, Bradford, USA). 

2.2. Buffer solutions 

Acetate buffer I: 50 mM acetate buffer with 2% Asc and 0.1% β-mercaptoethanol, pH 7.0 

Acetate buffer II: 50 mM acetate buffer with 1% Asc and 0.1% β-mercaptoethanol, pH 6.0 

Phosphate buffer: 50 mM phosphate buffer with 1% Asc and 0.1% β-mercaptoethanol, pH 6.0 

Elution buffer: Methanol with 1% Asc and 10% formic acid (v/v) 

2.3. Folate standards and internal standards 

The following monoglutamyl folate standards were used; (6S)-5,6,7,8-tetrahydrofolic acid 

(H4folate), (6R,S)-5,10-methenyl-5,6,7,8-tetrahydrofolic acid chloride (5,10-CH+=H4folate), 10-

formylfolic acid (10-HCO-PteGlu), (6S)-5-formyl-5,6,7,8-tetrahydrofolic acid, calcium salt (5-

HCO-H4folate), folic acid (PteGlu) and (6R,S)-5-methyl-5,6,7,8-tetrahydrofolic acid, calcium salt 
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(5-CH3-H4folate) from Schircks, Jona, Switzerland. Furthermore, polyglutamyl forms such as: 

pteroyltri-ɣ-L-glutamic acid, pteroylpenta-ɣ-L-glutamic acid and pteroylhepta-ɣ-L-glutamic acid 

were also from Schircks, Jona, Switzerland. Internal standards ( [13C5]-labeled-5-HCO-H4folate, 

[13C5]-labeled PteGlu  and [13C5]-labeled-5-CH3-H4folate) were from Merck Eprova, Schaffhausen, 

Switzerland. The folate standards were stored at -80°C until use.  

Standard stock solutions (400 µg/mL) were prepared by dissolving each folate standard in acetate 

buffer I. Each of the stock solutions was aliquoted into 1 mL Eppendorf tube in order to minimize 

freeze-thaw cycles, and stored at -80°C. The concentration for each of the standard stock solutions 

was corrected by the content of salt and moisture provided by supplier. Folate stock solutions were 

used for 6 months. 

Working solutions were prepared on the day of analysis by serial dilution of stock solutions in 

acetate buffer II ranging from 1-1000 ng/mL. The concentrations of [13C5]-labeled internal 

standards in calibration curve were 20 ng/mL ([13C5]-labeled 5-CH3-H4folate) and 40 ng/mL ([13C5]-

labeled PteGlu and [13C5]-labeled 5-HCO-H4folate). For establishment of a calibration curve each of 

the labeled forms were added to unlabeled standards.  

2.4. Food samples used in method validation 

To examine matrix effect during method validation, various in-house reference materials were used: 

oat flour, milk-based infant formula, freeze-dried broccoli, freeze-dried pig liver, fruit puree, green 

peas, and hard fat-cheese, which were all flushed with nitrogen and stored in either bags 

(polyester/aluminium/polyethylene) or plastic containers. Furthermore, white rice sample cooked in 

extensive amount of water and passed through three freeze-thaw cycles in order to remove 

endogenous folates was used for recovery tests, together with white cabbage samples. 
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Commercially available certified reference materials (CRM); BCR 487 Pig Liver (Sigma-Aldrich, 

Darmstadt, Germany), NIST 1546a Meat Homogenate, NIST 1549a Whole Milk Powder, NIST 

1846 Infant Formula, and NIST 1849 Infant Formula, (NIST, USA) were used to check the trueness 

of the method. 

2.5. Enzyme preparations 

Expression constructs harboring a short version of Arabidopsis ɣ-glutamyl-hydrolase, AtGGH2 

(At1g78680) [40] was kindly provided from Dr. Andrew Hanson (University of Florida). The 

procedure of enzyme preparation was described by Ramos-Parra et al. [44], but in this study slight 

modifications have been applied in terms of the use of high pressure homogenizer for lysis of the 

bacteria cells, which enabled higher yield in enzyme production.  

In short, gene sequences with a 5’ end nucleotide addition coding for a histidine tag were contained 

in a pET28b expression vector (Novagen, Wisconsin, USA). Escherichia coli BL21 (DE3) pLysS 

was transformed and selected in kanamycin-chloramphenicol plates (50 and 20 µg/mL, 

respectively). One-liter LB medium cultures were grown at 27°C until they reached A600 of 0.5-0.6. 

The expression of the recombinant protein was induced by the addition of IPTG to a final 

concentration of 1 mM. Induced cultures were incubated until they reached an A600 of 1.6-1.8. 

Bacteria were pelleted by centrifugation (5.000xg, 5 min). The pellets were lysed in 10 mL of lysis 

buffer (50 mM potassium phosphate, pH 8.0, 1.5 M NaCl, 10 mM β-mercaptoethanol) [40] using a 

high pressure homogenizer (Lysis cell EmulsiFlex C-3, AVESTIN, Canada). The pressure of 5000 

psi and 15000-20000 psi was used for 2 and 5 min, respectively. The obtained solution was 

centrifuged (16.000xg, 4°C, 10 min), and soluble protein was recovered from the supernatant. The 

recombinant protein was purified using Ni-NTA Agarose column (Qiagen, California, USA) 

following the manufacturer’s protocol and as described by Ramos-Parra et al. [44]. Recovered 
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protein was desalted by means of a PD-10 column (GE Healthcare, Buckinghamshire, UK) using 

100 mM potassium phosphate, pH 6.0, 10% glycerol, and 10 mM β-mercaptoethanol. In this elution 

buffer GGH was stored. Purified protein was quantified by Bradford method [45] and verified by 

SDS-page acrylamide gel. The obtained enzyme was stored at 4°C.  The yield of this procedure 

ranged from 9-17 mg of purified protein for 1 L of E.coli, which was significantly higher than the 3-

6 mg of purified protein for 1 L of E.coli using the former procedure [44].  

2.6. Method optimization 

2.6.1. Optimization of extraction conditions 

We tested different antioxidants in standard solution of H4folate, as the least stabile folate form. 

H4folate and internal standard were added to phosphate buffer and aliquots were treated with: 1% 

Asc, mixture of 1% Asc and 0.1% β-mercaptoethanol, and a mixture of 1% Asc and 0.1% 

thiobarbituric acid. 

2.6.2. Optimization of LC-MS/MS conditions 

To ensure the best performance, chromatographic conditions such as; column type, column oven 

temperature, mobile phase composition, flow rate and injection volume were optimized. The 

addition of commonly used modifiers such as acetic acid (0.1% v/v), formic acid (0.1% v/v) and 

ammonium formate (2.5 mM) to aqueous (A) and organic eluent (B) was examined.  Acetonitrile 

and methanol were tested as the organic eluent. Multiple reaction monitoring (MRM) transitions 

and source parameters were optimized for the six folate vitamers and three internal standards in 

order to obtain the highest selectivity and the lowest limit of quantification. The source parameters, 

such as; drying gas temperature (200-300°C), drying gas flow (4-12 mL/min), nebulizer gas (10-50 

psi), capillary voltage (2500-5000 V), sheath gas temperature (200-400 °C) and sheath gas flow 
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(10-12 mL/min) optimized in the positive electrospray ionization mode and optimal MRM 

conditions (see Section 2.8.) were used in further analysis. 

2.7. Sample preparation: homogenization, enzyme treatments and purification 

Food samples were frozen in liquid nitrogen and immediately homogenized for 1 min in a coffee 

grinder (EGK 200, Rommelsbacher, Germany). 0.5–1 g of sample was weighted in a Pyrex glass 

tube. 10 mL of phosphate buffer and internal standards, 20 ng/mL of [13C5]-labeled 5-CH3-H4folate 

and 40 ng/mL of [13C5]-labeled PteGlu and [13C5]-labeled 5-HCO-H4folate, were added. 

Atmospheric oxygen was replaced with nitrogen and samples were shaken (Multi Reax, Heidolph, 

Germany) for 15 min at room temperature. Samples were heated for 10 min in boiling water bath 

(100°C) in order to denaturate proteins and release natural folates from food matrix. After heat 

treatment, samples were immediately cooled on ice. 100 µg of ɣ-glutamyl-hydrolase enzyme was 

added per g of sample, and atmospheric oxygen was replaced by nitrogen, followed by 1 hour in a 

shaking waterbath (VWR International, Belgium) at 37°C. Thereafter, samples were heated in 

boiling water for 10 min to stop the enzyme activity, followed by cooling on ice for 10 min. 10 mL 

acetonitrile was added and mixed, and finally centrifuged for 15 min (4000xg, 4°C). Then cleanup 

on a strong anion exchange solid-phase extraction (SPE, SAX, quaternary amine, 55 µm, 70 Å, 500 

mg/3mL, Phenomenex) was performed. Beforehand the SPE cartridge was conditioned by 6 mL 

methanol, and equilibrated with 6 mL of phosphate buffer. The sample was loaded, followed by 

washing with 6 mL phosphate buffer and 3 ml methanol. Then folates were eluted by 2 mL elution 

buffer, and an aliquote of the eluate, 250 µL, was dried under nitrogen at 30 °C and reconstituted in 

250 µL of acetate buffer II. Finally, the samples were centrifuged at 10.000xg for 10 min at 4°C and 

the supernatants were transferred into LC-MS/MS glass vials, followed by LC-MS/MS analysis. 

The whole extraction procedure was performed under yellow light, using brown glass flasks or by 

wrapping the transparent glass with aluminum foil in order to protect folates from light.  
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2.8. Liquid chromatography and mass spectrometry conditions 

The liquid chromatography analysis was done on an Agilent 1200 Series HPLC system including 

degasser, binary pump, autosampler and thermostated column compartment (Agilent Technologies, 

Santa Clara, CA) equipped with an Ascentis Express C18 (2.1 mm x 10 cm, 2.7 µm) column fitted 

with Ascentis Express C18 (2.1 mm x 5 mm, 2.7 µm) guard column from Supelco Analytical 

(Bellefonte, PA). The eluent A was 2.5 mM ammonium formate in water:methanol (95:5) and the 

eluent B was 2.5 mM ammonium formate in methanol. The gradient elution started with 5% eluent 

B, which linearly increased to 15% from 1 to 2.5 min, and to 35% from 2.5 to 5 min. The next 4 

min were used to re-equilibrate the system to 5% eluent B. The flow rate was 0.4 mL/min, the 

column temperature 30°C, the autosampler temperature 5°C, and the injection volume 5 µL. Prior 

the injection, the needle was washed in the flush port with 2-propanol for 10 s.  

The LC-system was connected to an Agilent 6470 series Triple Quadrupole mass spectrometer 

(Agilent Technologies, Santa Clara, CA) equipped with electrospray ionization (ESI) source and jet 

stream. Quantification was done in MRM mode, which provided the best selectivity and sensitivity. 

Nitrogen was used as a collision gas. Source parameters were optimized for each of the analyzed 

folate form: drying gas temperature at 225°C, drying gas flow at 11 mL/min, nebulizer at 40 psi, 

capillary voltage at 3000 V, sheath gas temperature at 400 °C, sheath gas flow at 12 mL/min. Dwell 

time was optimized to 25 ms in order to obtain the acceptable chromatographic peak statistics of at 

least 20 data-points across one peak. Specific MS parameters for each folate and their MRM 

transitions and retention time are given in Table 1. Mass Hunter Workstation Software (version 

B.08.00, Agilent Technologies, Santa Clara, CA) was used for instrument control and data 

acquisition. Furthermore, comparison of the retention time and relative abundance of the quantifier 

and qualifier ions were used for identification of each of the analytes. 
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Table 1 MRM transitions and corresponding parameters for analyzed folate forms 

 

2.9.Determination of enzyme activity 

The polyglutamylated forms of folic acid; pteroyltri-ɣ-L-glutamic acid, pteroylpenta-ɣ-L-glutamic 

acid and pteroylhepta-ɣ-L-glutamic acid were used to determine the activity of AtGGH2. Three 

different set-ups were used to test the enzyme activity: a) Different amounts of enzyme were used in 

one polyglutamylated standard during the same incubation time; b) Different amounts of enzyme 

were used in the mixture of polyglutamylated standards during the same incubation time; c) The 

same amount of enzyme was used in one polyglutamylated standard added to green peas extract in 

different incubation times.  

To perform the first two tests, 1 µM concentration of pteroylpenta-ɣ-L-glutamic acid standard and 

an equimolar mixture (0.34 µM of each polyglutamylated standard) were prepared in 5 mL of 

phosphate buffer and divided into aliquots of 1 mL. To each aliquot internal standards were added. 

Thereafter, 10, 20 and 30 µg of AtGGH2 enzyme per reaction was added and the samples were 

incubated at 37°C for 1 h. Reactions were stopped by boiling for 10 min, followed by the 

centrifugation. The supernatants were cleaned up by SPE (section 2.7.) and analyzed by LC-MS/MS 

(section 2.8.).  

To perform the third set up, ten gram of green peas in-house reference material were frozen by 

liquid nitrogen, pulverized, added internal standard, and processed as previously described in 100 

mL of phosphate buffer. After first cooling step, the sample was centrifuged and supernatant was 

divided in two aliquots; of which one was spiked with 26.5 µg of PteGlu. Spiked and non-spiked 

extracts were divided into 4 mL aliquots before deconjugation. 100 µg of AtGGH2 was added to the 
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samples, which were then incubated for 30 min, 1 h, 2 h, and 3 h at 37°C and processed as 

described in section 2.7 and 2.8. 

Extent of deglutamylation was calculated by subtracting the endogenous folate amounts from the 

non-spiked samples that were fully deglutamylated with AtGGH2. Also, spiked and non-spiked 

aliquot were analyzed without addition of enzyme in order to check the enzyme activity.  

2.10.  Method validation 

To evaluate the method performance, the following criteria were used: limit of quantification, 

calibration curve, intra- and inter-day precision, trueness and matrix effect [46].  

2.10.1. Limits of detection and quantification 

The specificity of the method was determined by carrying out the whole procedure with blank 

samples containing phosphate extraction buffer. The acceptable limit of quantification (LOQ) was 

based on the nutritional relevant level, which was decided to be 0.5 µg of each folate form per 100 g 

of food.  

2.10.2. Calibration curve 

Calibration curve was based on a mixture of unlabeled standards at the following levels; 1, 5, 10, 

50, 100, 500 and 1000 ng/mL, as these were the concentration levels of folate expected in food 

samples. It was extended for the test of enzymatic activity to 5000 ng/mL. Three independent 

injections of the standard mixture were performed at each level, and polynomial regression was 

determined between the analyte/internal standard area ratio and the analyte/internal standard 

concentration ratio. All calibration curves were of second order, 1/x2 weighed and not forced 

through curve origin (0,0). Correlation coefficients (R2) determined for all folate forms were >0.99, 

and trueness of 85-115%, which confirmed a satisfactory calibration curve within examined 

ACCEPTED M
ANUSCRIP

T



15 

 

concentration range. The stability of the calibration curve in terms of unchanged slope was checked 

on the daily basis in order to ensure that standards did not degrade. 

2.10.3. Precision and trueness 

Intra- and inter-day precision were expressed as relative standard deviation (RSD) obtained from 

three spiking levels analyzed in triplicate and on three different days. Rice free of folates was 

spiked with 10 ng, 500 ng and 900 ng standard mixtures of the six folates and analyzed (section 

2.7.). Also, the analysis of endogenous folate was performed in triplicate and it was confirmed that 

the level was <LOQ. Spiking experiments were also performed in white cabbage samples, where 

endogenous folates were taken into account during the calculation of recovery. 

Certified reference materials (BCR and NIST) representing various matrices were analyzed by the 

developed method to document trueness of the method. Certified reference materials were analyzed 

in duplicate on 2 different days (n=4), except BCR 487, which was analyzed on 1 day. Total folate 

content was expressed as folic acid equivalent.  

2.10.4. Matrix effect studies 

To examine the matrix effect 400 µL of a mixture of the six folate forms and the 3 internal 

standards (50 ng/mL) was mixed with 400 µL of phosphate extraction buffer or with 400 µL of 

different food extract solution after the sample purification. Food extract solutions were prepared 

from the house reference materials which represented different groups of food with various content 

of folate i.e. oat flour, milk-based infant formula, freeze-dried broccoli, freeze-dried pig liver, fruit 

puree, green peas, and hard fat-cheese.  

2.10.5. Interconversion study 
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To test the interconversion of three formyl folate forms, 500 ng/mL standard solutions of 5-HCO-

H4folate, 5,10-CH+=H4folate and 10-HCO-PteGlu were prepared each in phosphate extraction 

buffer. Each standard was processed as a sample (described in section 2.7.) and all analyses were 

done in triplicate. The analyzed concentration of each folate compound was compared with 

expected concentration. 

2.10.6. Calculation of the total folate content 

The total folate content was expressed as folic acid equivalent. The concentration of each folate 

form was multiplied by the ratio of molecular weights of PteGlu and the folate form of interest. 

Thus, the concentration of each folate form obtained by LC-MS/MS analysis was multiplied by 

0.99, 0.97, 0.94, 0.93, 1.00, and 0.96 for H4folate, 5,10-CH+=H4folate, 10-HCO-PteGlu, 5-HCO-

H4folate, PteGlu, and 5-CH3-H4folate, respectively. The sum of obtained values represented total 

folate content as PteGlu equivalent. When assessing trueness of the method, content of the 

individual folate forms was also given.  

2.11. Statistical analyses 

All folate analysis was conducted in three or more independent determinations and the means were 

compared using ANOVA and Tukey-Kramer tests (p ≤ 0.05). Statistical analyses were performed 

using JMP® Statistical Discovery software version 13.0 (SAS Institute Inc. Cary, NC, USA). The 

results of the total folate content were given as mean ± standard deviation (SD). 

3. Results and discussion  

 

3.1. Optimization of folate extraction and sample cleanup 

Folates’ stability is highly affected by the pH value of the extraction buffer, the level of antioxidant 

and the combination of antioxidants. De Brouwer et al. [47] studied the stability during heat 
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treatment of all the folates included in this method. Without heating any stability issues were shown 

for pH around 6.0 in a phosphate buffer containing 1% ascorbic acid and 2% β-mercaptoethanol. 

The results from our optimization showed the highest stability when using a combination of 

ascorbic acid and β-mercaptoethanol. For the most labile folate, H4folate, the relative recovery was 

100±16%. Therefore, the combination of those antioxidants was used in method (see SOM, Section 

S1 Figure S1). This combination of antioxidants was in accordance with former studies where 

enzymes of animal origin were used for deglutamylation [32,33,47]. It was also applied in analysis 

with plant AtGGH2 where 50 mM Na-Hepes/50 mM CHES buffer (pH 7.9, 1% Na-ascorbate, 10 

mM β-mercaptoethanol) was used [44]. Since the maximum activity of AtGGH2 is at slightly acidic 

pH [40], Ramos-Parra et al. [44] adjusted the pH of extraction buffer from 7.9 to 6.0 during the 

deglutamylation step. We aimed to shorten the time of analysis by running the extraction in a 

phosphate buffer of pH 6.0; thereby the pH adjustment step was excluded. Furthermore, the lower 

pH has been shown to improve the stability of H4folate [48].  

In order to ensure an optimal cleanup, SAX and weak anion exchange (WAX) SPE columns (Strata-

X-AW, 33 µm, 500 mg/6 mL) were tested, where the second washing fraction containing methanol 

and the two elution fractions containing 1% Asc and 10% formic acid in methanol were analyzed 

and compared. The use of SAX enabled elution of all vitamers in the first elution fraction, whereas 

various folate forms were distributed throughout the two elution fractions from the WAX column. 

Therefore, SPE similar to the one reported by Ringling and Rychlik [32] was used to purify the 

samples. A slight modification in elution step was made, as we used a methanol solution containing 

1% Asc and 10% formic acid instead of 5% sodium chloride solution containing 1% Asc, 0.1 M 

sodium acetate, and 0.2 M β-mercaptoethanol. It should be mentioned that we did not test other 

cleanup procedures for plant matrices like 10kDa cut-off and 0.22 micron membrane filters [48,49]. 

3.2. Optimization of HPLC and MS/MS conditions 
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Due to the small differences in ionic character of various folates, it is difficult to separate all folate 

forms by chromatographic methods. Mass spectrometry detector gives a new dimension of m/z ratio 

which enables more accurate, precise and sensitive detection of naturally occurring folates. During 

the optimization of chromatographic conditions, various combinations of eluents and modifiers 

were tested. Even though acetonitrile is used as a common organic eluent in folate analysis 

[32,44,48], the sensitivity was significantly lower compared to the use of methanol. The use of 

acetonitrile resulted in baseline separation of the six different folate forms, but the time of analysis 

was 6 minutes longer and the instrument response was significantly lower (SOM, Section S2, 

Figure S2). By using methanol no baseline separation of the four folate compounds (H4folate, 5,10-

CH+=H4folate, 10-HCO-PteGlu and 5-HCO-H4folate) was obtained. The forms co-eluted, though 

the retention times were slightly different. The retention time for each of the forms was similar to 

the internal standard, 13C5-labeled 5-HCO-H4folate, which ensured compensation for possible 

matrix effect, interferences from co-eluted compounds in the system, and variability in detector 

response. Therefore, the binary gradient mixture of eluent A (2.5 mM ammonium formate in 

water:methanol (95:5) and eluent B (2.5 mM ammonium formate in methanol) in combination with 

C18 column were used (Section 2.8.). Figure 2 shows the optimized parameters for LC-MS/MS for 

a standard and a liver extract. 

3.3. Enzyme activity 

The activity of AtGGH2 in deconjugation of naturally occurring folates such as 5-CH3-H4folate 

tetraglutamate, 5-HCO-H4folate-triglutamate and PteGlu triglutamate has been shown to be 

100±2%, 100±6%, and 100±4%, respectively [44]. We tested the activity of the enzyme using 

polyglutamylated PteGlu as a substrate, which was exposed to the activity of different amounts of 

enzyme and different incubation times (Table 2).  
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Table 2 Enzyme activity treatments and release of monoglutamyl folic acid. 

 

Deglutamylation step during extraction of folates is a bottle-neck in folate analysis, which is mostly 

due to the lack of a standard deconjugase enzyme. Commercially available enzymes of animal 

origin are used to remove polyglutamyl tail in folate analysis, but it was reported that some of them 

can be inhibited by different food matrices [50]. The choice of enzyme depends widely on the 

analytical method used for determination of folates. Former studies confirmed the activity of animal 

origin hydrolases using polyglutamylated folic acid as a substrate. Rychlik et al. [51] investigated 

deconjugase activity which was 42% when using rat serum, and 96% when using rat serum 

combined with chicken pancreas. Various use of deconjugases such as: rat plasma [33] or human 

plasma [21,34], possibility of tri-enzyme treatment or analysis without any enzyme [52], resulted in 

discrepancies between total folate content results. Czarnowska-Kujawska et al. [53] compared rat 

plasma and porcine kidney deconjugases on the same samples (strawberries, blackcurrant and green 

peas), where the use of rat plasma resulted in significantly higher folate content.  

The results in Table 2 for 100 µg GGH per g of sample show a satisfactory enzyme activity of 

>95% already after half an hour in the solution containing green peas extract. This is in agreement 

with results from Ramos-Parra [44] where the black beans extract was deglutamylated after half an 

hour using 100 µg of enzyme per g of sample. However, we included a safety margin to ensure that 

all polyglutamates are transferred to monoglutamate forms, and therefore extended the incubation to 

1 h. The fact that monoglutamylated levels of folic acid did not increase after increasing the 

duration of the enzyme treatment ensured that the total deglutamylation was achieved. Tri-enzyme 

extraction has been preferred, but it is questionable if it is needed, since former studies showed no 

difference in folate content between the use of single deconjugation enzyme, and tri-enzyme 

extraction [46].  
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3.4. Method validation 

3.4.1. Limits of detection and quantification 

Specificity of the method has been checked by analyzing blank sample. No carryover has been 

noticed in these runs. For each of the six folate compounds, LOQ was defined as the minimum 

detectable values with signal-to-noise ratio 10, while limit of detection was regarded as not relevant 

in this method on quantifying a vitamin. Moreover, as the recommended dietary daily intake is 300 

µg, this LOQ provides the possibility to quantify folate forms in foods where 100 g of food 

contributes to 1% of the recommended daily intake, which would be 3 µg of food folate/100 g of 

food. By this method, we quantify 6 different folate forms, and therefore, the aimed LOQ for them 

is 0.5 µg/100 g of food.. The lowest S/N for the folates was recorded for the 5,10-CH+=H4folate and 

it was approximately 250 for the lowest calibration level. The lowest level of the calibration curve 

0.1 µg/100 g met the goal set for LOQ of 0.5 µg/100 g, and is defined as the LOQ for all folate 

forms. The quality assurance of the method included injection of a blank sample containing acetate 

buffer within the sample sequence and no carryover was seen in any of these injections.  

3.4.2. Precision and trueness 

Results presented in Table 3 show that relative recoveries for PteGlu and 5-CH3-H4folate are 100-

103% and the precision <7% RSD. These folate forms are normally stable and will not interconvert.  

The recovery of H4folate varied from day to day analysis, which is expected due to its instability 

and the fact that we did not use an H4folate corresponding internal standard. Concentration of stock 

solution was corrected for the purity of solid reference substance, but it wasn’t quantified 

spectrophotometrically, which could result in overestimation of the H4folate content and lower 

precision, due to H4folate instability. In our study, both intra- and inter-day precision varied, and 

ranged from 7-34% RSD which did not meet the goal set in validation parameters (<10% RSD). 
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Therefore, these results show that a corresponding internal standard for quantification of H4folate 

should be used in the future. Since this recovery study was done by using a mixture of folate 

standards, it was not possible to obtain relative recovery around 100% when the formyl forms were 

quantified separately. As they interconvert, and presumably have the same bioavailability, we 

decided to quantify them together, which enabled satisfactory recovery of 80%. The recovery of the 

interconvertible compounds was similar to the recovery of the other folate forms, but showed a 

higher variation at 11-14%. However, the abundance of the interconvertible compounds in nature is 

low, the same as their contribution to the folate intake and we evaluate that the lower precision does 

not have a significant effect on the total folate content.  

Table 3 Precision and recovery of spiked samples 

If available, certified reference materials should always be used to check the trueness of a new 

method. In the method validation, five certified reference materials were analyzed. Table 4 gives 

the obtained results, including certified values and comparison with results from other studies.  

Table 4 The total folate content (µg/100g) quantified in five certified reference materials (n=2-4). 

The contents are expressed as total folate content of each of the individual folate forms, and 

compared to the certified values and values previously published. [54,55] 

Values obtained in this study are in agreement with the certified values or results from other studies. 

However, all CRM analyzed by microbiological assay gave slightly higher results. For pig liver 

(BCR 487) the three reported results are similar regarding that 5-CH3-H4folate and H4folate are the 

most abundant compound, besides this minor differences in folate profile appear [20,21]. 

Vishnumohan et al. [21] performed tri-enzyme treatment which lasted for 20 h when protease and 

α-amylase enzymes were applied, and 3 h treatment when human plasma as deconjugase enzyme 

was used. Furthermore, the pH was adjusted to 4.5, 6.1 and finally to 7.2 for each enzyme 

treatment, respectively. In our method the deconjugase step is performed at pH 6.0 in 1 h, which 

resulted in a shorter time of analysis, which could be the reason for the higher content of H4folate.  
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3.4.3. Matrix effect 

The use of internal standards is necessary for an accurate and reproducible quantification in folate 

analysis by LC-MS/MS. Internal standards compensate for the losses of analytes during the sample 

preparations, but also for matrix effects or ion suppression during LC-MS/MS. Freisleben et al. [56] 

introduced the use of a stable isotope dilution assays in LC-MS/MS analysis which enabled an 

accurate and sensitive quantification of folates. However, due to quantification of several folate 

forms and the high costliness of isotopically labeled internal standards; we found it impossible to 

have corresponding internal standards for each folate form. It is crucial that internal standards 

possess structural similarity with the analyte of interest and that it undergoes the same changes 

during the analysis and has similar retention time. Therefore, based on structural similarity and 

similar chemical behavior, [13C5]-5-HCO-H4folate was used for quantification of H4folate, 5,10-

CH+=H4folate, 10-HCO-PteGlu and 5-HCO-H4folate, as they eluted at similar retention times;  

[13C5]-5-CH3-H4folate was used for quantification of 5-CH3-H4folate, and [13C5]-PteGlu was used 

for quantification of PteGlu. 

Matrix effect (ME) was investigated based on the method of Matuszewski et al. [57] and calculated 

as follows: %ME=A/B x 100, where A: the area obtained in the matrix; B: the area obtained in 

phosphate extraction buffer. The results presented in Fig.3 show that the matrix effect was not 

pronounced for the examined folate forms except on H4folate (%ME~40) where ion suppression 

occurred, and on 5,10-CH+=H4folate (%ME~140) where ion enhancement occurred. Furthermore, 

ME of analytes, which were quantified using the corresponding internal standard, were very similar 

as expected.  

3.4.4. Interconversion study 
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In order to examine the behavior of formyl forms in this method, stock solutions (500 ng/mL of 

5,10-CH+=H4folate, 10-HCO-PteGlu and 5-HCO-H4folate in extraction buffer) were analyzed 

individually using our developed method. The final distribution of these formyl forms was studied. 

The results in Fig. 4 showed that 10-HCO-PteGlu and 5-HCO-H4folate did not convert in any 

significant extent, whereas approximately 50% of 5,10-CH+-H4folate were recovered in original 

form, while the other 50% were converted into 5-HCO-H4folate during extraction. In spiking 

experiments (all three forms added together), the recovery of 5-HCO-H4folate, for which the 

corresponding 13C5-labeled internal standard was used, was 138%, which is explained by the 

interconversion of 5,10-CH+=H4folate to 5-HCO-H4folate during the sample cleanup. When 500 

ng/mL standard solution of 5-HCO-H4folate was processed as sample during the interconversion 

study where the interconversion of 5,10-CH+=H4folate, 10-HCO-PteGlu and 5-HCO-H4folate was 

studied in separated solutions, the recovery was 90%.  

Change in the pH in connection with changes in temperature and the presence of antioxidants 

results in conversion of reduced formyl groups such as 5-HCO-H4folate to 10-HCO-PteGlu and 

5,10-CH+=H4folate as intermediate product [47]. Baggott [58] investigated the interconversion of 

5,10-CH+=H4folate between pH 2.5 and 4.5. The concentrations of 5,10-CH+=H4folate and 5-HCO-

H4folate were equal at pH 4.0-4.5 in the presence of antioxidants such as ascorbate, which is in 

accordance to our results. Jastrebova et al. [59] tested the stability of 5-HCO-H4folate during heat 

treatment in different buffers with different antioxidant systems and they recorded that stability of 

5-HCO-H4folate was strongly pH-dependent, with maximum at pH above 4.8. They showed that the 

main interconversion product at acidic pH was 5,10-CH+=H4folate. Furthermore, 5,10-

CH+=H4folate was mainly converted to 5-HCO-H4folate in the pH range between 2 and neutral, 

which was similar to our study. Both stock and working solutions should be prepared separately in 

order to prevent interconversion. In nature, the most abundant form is 5-CH3-H4folate followed in 

ACCEPTED M
ANUSCRIP

T



24 

 

many cases by 5-HCO-H4folate, therefore 5-HCO-H4folate was included in our method. 

Chromatographic analysis of formyl forms of folates is very challenging due to the variations in 

their stability under different pH conditions. To overcome this problem, precaution should be taken 

against pH conditions used during the analysis. Isotopically labeled internal standards help to 

overcome problems related to the interconversion. It also need to be stated that data on individual 

folate forms will reflect the conditions during analysis rather than the real proportion of folate forms 

in original food sample. We used and propose to express the amount of 5,10-CH+=H4folate, 10-

HCO-PteGlu, and 5-HCO-H4folate as their sum calculated as folic acid equivalent.  

4. Conclusions 

A sensitive, specific, accurate and reproducible method for determination of six folate forms was 

optimized and single-laboratory validated for the analysis in foodstuffs. The use of a pure plant 

recombinant AtGGH2 enables an effective folate deglutamylation by using only 100 µg/g of 

sample. The single and short deconjugation step reduced significantly the duration of folate analysis 

compared with an over-night incubation using deconjugases of animal origin. Ramos-Parra et al. 

[44] set a very good starting point using a pure recombinant plant enzyme for deconjugation. Our 

developed LC-MS/MS method with the application of a stable isotope dilution assay enables fast 

folate determination and correction of losses during sample purification, which provides more 

accurate and reproducible results. However, the corresponding internal standard should be used for 

quantification of unstable H4folate in future analysis. 

Interconversion study between 10-HCO-PteGlu, 5,10-CH+=H4folate, and 5-HCO-H4folate showed 

that their content obtained by this method should be expressed as a combination of all of them. This 

validated method could make the base for establishment of a rapid standardized method for more 

accurate quantification of folates in food. 
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Figure captions: 

 

Figure 1 Chemical structure of polyglutamylated folates. pABA: p-aminobenzoate; H4folate: 

tetrahydrofolate  

 

Figure 2   LC-MS/MS chromatogram of the six naturally occurring monoglutamylated folates and 

three 13C5-labeled internal standards in a standard mixture (a) and a liver extract from in-
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house reference material (b) with their MRM transitions. The figure shows relative 

intensity of the peaks.  

 

 

Figure 3  The matrix effect on each folate and 13C5-labeled internal standards in various food  

matrices (n=3). 

 

Figure 4 Distribution of formyl folate forms after the interconversion analysis (n=3). 

ACCEPTED M
ANUSCRIP

T



37 

 

Table 1 MRM transitions and corresponding parameters for analyzed folate forms 

Compound Precursor 

 ion  

(m/z) 

Product 

ion 

(m/z) 

Retention  

time  

(min) 

Fragmentor 

(V) 

Collision  

energy (V) 

H4folate 446.2 299.1 0.92 84 17 

  120.0 0.92 84 40 

5,10-CH+=H4folate 456.2 412.2 0.97 156 29 

  324.2 0.97 156 55 

10-CHO-PteGlu 470.1 295.1 1.03 104 29 

  176.1 1.03 104 40 

5-CHO-H4folate 474.2 327.2 1.05 96 15 

  299.1 1.05 96 37 

[13C5]-5-CHO-H4folate 479.2 327.2 1.05 96 15 

PteGlu 442.1 295.1 1.37 84 8 

  176.0 1.37 84 40 

[13C5]-PteGlu 447.1 295.1 1.37 84 9 

5-CH3-H4folate 460.2 313.2 1.84 100 17 

  180.2 1.84 100 40 

[13C5]-5-CH3-H4folate 465.2 313.2 1.84 88 17 

 

The order of compounds is based on the use of three internal standards. [13C5]-5-CHO-H4folate is used 

as internal standard for H4folate, 5,10-CH+=H4folate, 10-CHO-PteGlu, and 5-CHO-H4folate, [13C5]-5-

CH3-H4folate is used as internal standard for 5-CH3-H4folate, while [13C5]-PteGlu was used as internal 

standard for PteGlu. Second product ion in MRM transitions of unlabeled standards was used as a 

qualifier during the analysis. 
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Table 2 Enzyme activity treatments and release of monoglutamyl folic acid. 

 

Substrate Sample 
mass  

(g) 

AtGGH2 
(µg/reaction

) 

Incubation time 
(h) 

% of folic acid released as 
monoglutamate form 

1 µM of 5-glu-PteGlu 0.0 10 1.0 92 ± 1 

1 µM of 5-glu-PteGlu 0.0 20 1.0 93 ± 1 

1 µM of 5-glu-PteGlu 0.0 30 1.0 95 ± 1 

1 µM of PG PteGlu mixture 0.0 10 1.0 92 ± 1 

1 µM of PG PteGlu mixture 0.0 20 1.0 95 ± 3 

1 µM of PG PteGlu mixture 0.0 30 1.0 94 ± 2 

10 µM of 5-glu-PteGlu + GPE 1.0 100 0.5 96 ± 5 

10 µM of 5-glu-PteGlu + GPE 1.0 100 1.0 98 ± 2 

10 µM of 5-glu-PteGlu + GPE 1.0 100 2.0 99 ± 2 

10 µM of 5-glu-PteGlu + GPE 1.0 100 3.0 98 ± 2 

 

AtGGH – Arabidopsis ɣ-glutamyl hydrolase; PG – polyglutamyl; GPE – green peas extract. 

Data are means of three replicates ± SD. No significant difference was found in any of the treatments 

(Tukey-Kramer test, p ≤ 0.05). 5-glu-PteGlu, pteroylpenta-ɣ-L-glutamic acid; GPE, green peas extract. 
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Table 3 Precision and recovery of spiked samples 

Folate form Precision (n=3, %RSD) 
Recovery (%) 

Intra-day (n=3) Inter-day (n=9) 

10 ng 500 ng 900 ng 10 ng 500 ng 900 ng 10 ng 500 ng 900 ng 

H4folate 31.4 7.2 26.3 34.2* 14.2* 17.1* 105 100 123 
5,10-CH+=H4folate +10-HCO-PteGlu 
+5-HCO-H4folate 

2.6 2.9 3.2 13.9 11.1 10.7 82 83 81 

PteGlu 2.1 1.0 1.6 6.8 3.7 4.7 100 103 101 
5-CH3-H4folate 1.1 0.5 0.2 3.9 3.1 2.1 101 101 101 

 

Intra-day precision and recovery results for H4folate shown here were obtained by spiking white 

cabbage (n=3).  

*Inter-day precision is calculated based on the 2 different days (n=6) from rice samples and white 

cabbage samples. RSD=relative standard deviation 
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Table 4 The total folate content (µg/100g) quantified in five certified reference materials (n=2-4). 

The contents are expressed as total folate content of each of the individual folate forms, and 

compared to the certified values and values otherwise published.  

Sample 

Certifi

ed 

value 

CRM 

Meth

od 

Total 

folate 

H4folat

e 

5,10-

CH= 

H4fol

ate 

10-

CHO-

PteGlu 

5-

CHO

-

H4fol

ate 

Pte

Glu 

5-

CH3-

H4fol

ate 

Enzyme1 Meth

od2 

Refere

nce 

BCR 

487 

Pig 

Liver 

1330 ± 

130 
MA 

1291 ± 

1 
436 16 20 125 130 580 

D 

(AtGGH2) 

LC-

MS/

MS 

Present 

study 

NS 
(334-

484) 
NA 37 146 139 

(27-

542) 

Pancreatic 

enzyme + 

D (hog 

kidney 

and/or 

human 

plasma) 

HPL

C-UV 

or F 

Finglas 

et 

al.[20] 

1443 ± 

13 
395 NA NA 291 275 482 

P + A + D 

(human 

plasma) 

LC-

MS/

MS 

Vishnu

mohan 

et al. 
[21] 

NIST 

1546a 

Meat 

Homoge

nate 

None None 
1.0 ± 

0.3 
<0 0.1 <0 <0 0.3 0.3 

D 

(AtGGH2) 

LC-

MS/

MS 

Present 

study 

NIST 

1549a 

Whole 

Milk 

None None 

19 ± 1 0.6 0.3 <0 <0 0.2 18 
D 

(AtGGH2) 

LC-

MS/

MS 

Present 

study 

21.1 ± 

1.4 
NA NA NA NA SF 21.1 

P + A + D 

(rat serum) 

LC-

MS/

MS 

Camar

a et al. 

[54] 

NIST 

1846 

Infant 

Formula 

129 ± 

28 
MA 

124 ± 

18 
<0 <0 <0 <0 116 9 

D 

(AtGGH2) 

LC-

MS/

MS 

Present 

study 

133 ± 

10 
NR NR NR NR NR NR 

P + A + D 

(chicken 

pancreas) 

MA 

Chen 

& 

Eitenm

iller[55

] 

NIST 

1849 

Infant 

Formula 

211 ± 

13 

MA 

LC-

MS/

MS 

195 ± 

16 
<0 <0 <0 <0 189 6 

D 

(AtGGH2) 

LC-

MS/

MS 

Present 

study 

225 ± 

18 
NA NA NA NA 210 16 None 

LC-

MS/

MS 

Chandr

a-Hioe 

et al. 

[52] 
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AtGGH2=ɣ-glutamyl hydrolase from Arabidopsis thaliana converts polyglutamates to monoglutamates; 

MA=microbiological assay 

NS=not specified; NA=not analyzed; NR=not relevant for a MA; SF=screened for, but not detected. 

1 Enzyme: D=deconjugase; P=protease; A=α-amylase 

2 Detection principle: UV=ultraviolet; F= fluorescence 
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