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A B S T R A C T   

Phytic acid (PA) plays different roles in various fields of study, yet current analytical methods for PA detection 
are still unsatisfactory. A novel method has been presented for the determination of PA in beverages, based on 
complete methylation in combination with liquid chromatography-mass spectrometry (LC-MS) analysis. By 
treatment with (trimethylsilyl) diazomethane, all the polybasic acid groups in PA were converted to the corre-
sponding ester, and thus the corresponding derivative was easily analyzed by LC-MS. The addition of ethyl-
enediamine tetraacetic acid (EDTA) to the derivative solution improved the sensitivity and the reproducibility in 
the PA analysis. Under optimized parameters, the linear range of the PA detection was 0.5–100 μg/L, the limit of 
detection was 0.075 μg/L, the limit of quantitation was 0.25 μg/L, and the recovery range was 81.3–119.7 %. The 
PA content was determined for 13 commercially available beverage samples, and experimental results showed 
that this method provided a practical and reliable method for the detection of PA across diverse beverage 
matrices.   

1. Introduction 

Phytic acid (PA) exists universally in the seeds, roots, and stems of 
plants. In fact, PA acts as the primary role for phosphorus storage in 
plants (Sim, Lee, & Lee, 2020; Wu, Tian, Walker, & Wang, 2009). PA has 
many physiological functions, such as the improvement of red blood cell 
function and the promotion of natural immunity (Kumar et al., 2021; 
Prasad et al., 2011). In many countries, PA is employed as a drink ad-
ditive (0.01–0.05 % PA) to chelate and sequester heavy metal ions, thus 
protecting the health of the beverage drinker (Hague, Petroczi, 
Andrews, Barker, & Naughton, 2008; Shi, Arntfield, & Nickerson, 2018). 
Therefore, a drink containing PA can be marketed to rapidly quench 
thirst, refresh nerves, and protect the brain, liver, and eyes, all of which 
are very suitable for athletes and professionals in physically strenuous 
occupations. However, PA is also regarded as an anti-nutrient, because 

excessive ingestion of PA reduces the bioavailability of the beneficial 
metallic elements and protein. (Rousseau, PallaresPallares, Vancoillie, 
Hendrickx, & Grauwet, 2020; Wu, Ashton, Simic, Fang, & Johnson, 
2018) Too much PA in beverages can inhibit the bioavailability of 
beneficial metal ions (Thavarajah, Thavarajah, & Vandenberg, 2009). 
Therefore, it is very important to develop a simple and accurate 
analytical method to determine PA in beverages as a form of quality 
control and for consumer safety. 

Existing analytical methods for PA detection and quantification 
include basic precipitation, colorimetric methods, synchronous fluo-
rescence, inductively coupled plasma mass spectrometry, ion chroma-
tography, and high performance liquid chromatography (Liu, He, 
Valiente, & Lopez-Mesas, 2017; Park et al., 2006). The colorimetric 
method is based on the reaction between ferric chloride and sulfonyl 
salicylic acid, which is faster and simpler than the precipitation method; 
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and thus, it is currently the most popular method for PA determination 
(Kahrıman, Songur, Şerment, Akbulut). The synchronous fluorescence 
method is applied to analyze the ternary complex formed by PA, 1, 
10-phenanthroline, and Fe3+ to further improve the sensitivity of PA 
detection. (Chen, Chen, & Luo, 2009; Chen, Chen, Ma, Cao, & Chen, 
2007; Shi et al., 2019). However, these methods cannot accurately 
determine PA content because of interference from lower inositol 
phosphate esters, especially in processed foods. Ion chromatography and 
solid phase extraction are suitable for the determination of PA in pro-
cessed foods, but not for the quantification of inositol phosphate esters 
in samples with complex matrices, especially those rich in metal ions 
(Cominelli et al., 2020; Dost & Karaca, 2015). Due to the high selectivity 
and sensitivity of mass spectrometry, liquid chromatography-mass 
spectrometry (LC-MS) (Kong, Ren, Hu, Sun, & Pan, 2011; Yin, Yu, 
Kong, & Ren, 2017) has become a popular method for quantitative 
analysis of trace organic components in complex matrices. Whereas, PA 
cannot be analyzed using conventional liquid chromatography on a 
reversed phase separation column, due to its strongly hydrophilic and 
acidic character originating from the presence of the six phosphorous 
groups in the structure. At the same time, the combination of phosphate 
groups with protons and various metal ions greatly complicates analysis 
of PA using electrospray ionization mass spectrometry (ESI-MS). 
Therefore, the development of an analytical method for direct deter-
mination of PA in samples by LC-MS remains a challenge. 

Chemical derivatization changes the physicochemical properties of 
analytes by introducing a modifying group to alter the functional groups 
on the analyte. This can aid in the selective and sensitive determination 
of the analyte by removing matrix interference, enhancing the ESI effi-
ciency of analytes, and improving the separation ability of isomers 
(Pataca, Porto-Figueira, Pereira, Caldeira, & Câmara, 2021; Qi et al., 
2014; Sun, Sun, Lai, Zhang, & Cai, 2011; Zhao & Li, 2020; Zhao et al., 
2019). Esterification increases the hydrophobicity and the stability of 
phosphate groups and reduces its metal chelating ability. This enables 
the corresponding phosphate ester derivative to be analyzed more easily 
by LC-MS(Wei et al., 2018). However, common esterification reactions 
for phosphate ester creation typically employ strong acid or base 
catalysis under heating conditions, which will inevitably lead to the 
degradation of PA. Moreover, it is very difficult to achieve complete 
esterification of the 12 phosphoric hydroxyl groups using conventional 
phosphate esterification conditions. Therefore, more favorable condi-
tions for PA esterification are required for the determination of PA using 
LC-MS. 

Diazomethane is a rapid and effective methylation reagent for 
organic acids; however, it is difficult to carry out methylation by treat-
ment with diazomethane, due to its high toxicity and gas phase at room 
temperature (Su, Letcher, & Yu, 2015). Alternatively, (trimethylsilyl) 
diazomethane (TMSD) (Li et al., 2019; Wang, Sun, Shan, & Pan, 2019; 
Wei et al., 2018) is a commercially available methylation reagent that is 
a liquid at room temperature and is much more convenient and safer to 
handle. Furthermore, excess TMSD in the derivatization process can be 
easily removed using formic acid. Therefore, TMSD can be viewed as a 
greener derivatization reagent for phosphate group methylation 
(Chhonker et al., 2018; Lee, Byeon, & Moon, 2017; Sajid & Płotka-Wa-
sylka, 2018). This work reports the application of TMSD for effective 
methylation of the 12 phosphoric hydroxyl groups in the structure of PA, 
and a fast quantitative method for the determination of PA in beverages 
using LC-MS analysis. 

2. Materials and methods 

2.1. Chemicals and reagents 

PA standard (HPLC grade,≥98 %, Shanghai Yuanye Bio-Technology 
Co., Ltd), methanol (HPLC grade, ≥99.9 %, Sigma-Aldrich), (trime-
thylsilyl) diazomethane (2M in hexane, Alfa Aesar), formic acid (for 
HPLC,≥98 %, Aladdin), and ethylenediamine tetraacetic acid (EDTA, 

AR, Sinopharm Chemical Reagent Co., Ltd.) were obtained from com-
mercial sources and used without further purification. Deionized water 
was prepared in-house with a water polisher to a resistivity of 18.2 MΩ 
cm or greater. 

The beverage samples analyzed in this work were all obtained from a 
local supermarket. 

2.2. Instrumental analysis 

All LC-MS experiments were carried out on an Agilent 1290 ultra- 
performance liquid chromatography unit combined with an Agilent 
6495 tandem triple quadrupole mass spectrometer (Agilent, America). 
HPLC analysis was performed on a C18-AMIDE column (250 m × 4.6 
mm, 3 μm, ACE Excel, Guangzhou FLM Scientific Instrument Co., Ltd) at 
a temperature of 30 ◦C. Analyte separation was achieved by isometric 
elution with a mobile phase consisting of 0.1 % formic acid in water: 
methanol (V:V = 50: 50) at a flow rate of 0.5 mL/min. Mass detection 
was carried out through Atmospheric Pressure Chemical Ionization 
(APCI) in the positive mode using the following optimized parameters: 
corona current 4 A; capillary voltage 4500 V; atomizing gas (N2) pres-
sure 20 psi; dry gas (N2) flow rate 14 L/min; dry gas (N2) temperature 
200 ◦C; vaporization temperature 350 ◦C; multi-reaction monitoring 
mode (m/z 829 -> 451), activation energy 20 eV. 

High-resolution accurate mass measurements were performed using 
a micrOTOF QII quadrupole time-of-flight mass spectrometer (QTOF; 
Bruker Daltonics, Billerica, MA, USA), operated in positive ion mode. A 
dilute solution of analyte (~100 mg/mL) was directly infused into the 
API source of the mass spectrometer using a syringe pump at a flow rate 
of 3 μL/min. The ESI operating parameters were as follows: nebulizing 
gas (N2) pressure, 3 bar; drying gas (N2) flow rate, 4.0 L/min; heated 
capillary temperature, 200 ◦C; and needle voltage, − 4.5 kV. For MS/MS 
experiments, the collision energy was set at 20 V with Argon as the 
collision gas to perform ERMS. The QTOF instrument was operated at a 
resolution higher than 15 000 full width at half maximum using the 
micrOTOF-Q control program version 2.3. The data were processed 
using Data Analysis version 4 software (Bruker Daltonics). 

2.3. Sample preparation and derivatization 

The stock solution of PA was prepared by adding approximate 100 
mg of PA standard into volumetric flask and diluted to 10.0 mL with 
high-purity water. The stock solution of EDTA was prepared by adding 
approximate 100 mg of EDTA into volumetric flask and diluted to 10.0 
mL with NaOH solution (0.1 mol/L). The stock solutions were stored at 
− 5 ◦C before usage. Working standard solution with different concen-
tration levels of PA were prepared daily by appropriate dilutions of stock 
solution with water-methanol (V:V = 1: 9). 

For PA derivatization, TMSD (150 μL) was added into 1 mL of a PA- 
containing solution. The mixture was vortexed for 2 min, and main-
tained at 25 ◦C for 60 min. Then, formic acid (50 μL) was added to 
terminate the reaction. The reaction mixture was concentrated to dry-
ness under flowing N2 and reconstituted in methanol-water (V:V =
50:50), and filtered through a 0.45 μm pore size membrane. Then, 10 μL 
of EDTA solution (1000 μg/mL) was added into each sample. The 
resulting sample solution was then subject to LC-MS analysis. 

All beverage samples were diluted 10 times and then filtered through 
0.45 μm pore size membrane (Nylon, Dikma Technologies Co., Ltd) 
before derivatization. 

2.4. Statistical analysis 

Statistical analyses were performed in Origin ver. 6.0. All experi-
ments were performed in triplicate to ensure reproducibility of results. 
The significance of difference was calculated by SPSS statistical 17.0. A p 
value of <0.05 was considered statistically significant. 
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3. Results and discussion 

3.1. APCI-MS analysis of PA and its methylated derivative 

Due to its chemical structure, PA cannot be directly detected by LC- 
MS, even at a high concentration of 100 mg/L (Supplementary Fig. S1). 
After treatment with TMSD, all of the phosphoric hydroxyl groups in PA 
can undergo methylation (Scheme 1). Interestingly, the corresponding 
methylated derivative could be detected by LC-APCI-MS in the full scan 
mode, with sensitivity allowing for detection even at a concentration of 
1 mg/L (Supplementary Fig. S2). There is only one abundant peak in the 
TIC of the methylated PA. In the corresponding APCI-MS (Fig. 1-a), the 
only intensive signal at m/z 829 corresponded to the protonated PA-Me 
([PA-Me + H]+), and a minor signal at m/z 846 could be ascribed to the 
ammonium PA-Me adduct ([PA-Me + NH4]+). In summary, methylation 
distinctively increased the ionization efficiency of PA. 

Fig. 1-b shows the MS/MS of [PA-Me + H]+ at m/z 829, which un-
dergoes dissociation to give a fragment ion at m/z 703 through the loss 
of dimethyl phosphate. The continuous elimination of dimethyl phos-
phate from the fragment ion at m/z 703 results in a secondly fragment 
ion at m/z 577, which easily loses another dimethyl phosphate to form a 
fragment ion at m/z 451 due to the aromatization effect. As a result, the 
formed ion at m/z 451 has significant stability and shows a considerable 
intensity in the MS/MS (Fig. 1-b). The proposed fragmentation pathways 
of [PA-Me + H]+ at m/z 829 was summarized in the Supplementary 
Scheme S1. Thus, multi-response monitoring (m/z 829 -> 451) was used 
in the determination of PA by LC-MS/MS. Limit of detection studies 
utilizing a PA-Me standard solution revealed a detection sensitivity as 
low as 0.5 μg/L (Supplementary Fig. S3), which is a considerable 
improvement over existing methods for PA detection (Cao, Dong, & 
Chen, 2011; Chen et al., 2007). 

3.2. Optimization of derivatization parameters 

A complete conversion in the derivatization step is essential for 
achieving an accurate determination of PA content. Several derivatiza-
tion parameters, including the order of material addition, the amount of 
TMSD, and the reaction time were optimized. 

Since TMSD is a reactive substance that should be stored in cool and 
dry conditions, the order of material addition may exert a distinct effect 
on the derivatization efficiency. In this study, the reaction of 1 mL 100 
μg/mL PA solution and 150 μL trimethylsilyl diazomethane were carried 
out at room temperature for 60 min, and the effect of the order of ma-
terial addition was compared. As shown in Supplementary Fig. S4, the 
peak area corresponding to the normal order (addition of TMSD to PA) 
was larger than that to the reverse order (addition of PA to TMSD). Such 
a result might be attributed to the instability of TMSD. Thus, the 
methylation reaction was carried out by adding TMSD to the PA sample 
solution. 

Due to the unstable character of TMSD, it is necessary to employ a 

large excess of TMSD to achieve complete methylation of PA. Balancing 
this need for excess TMSD is the appreciation of waste minimization. 
Varying amounts of TMSD from 30 μL to 200 μL was added into 1 mL of 
PA standard solution (100 μg/mL) at room temperature and the mix-
tures were allowed to stand for 180 min. After reaction workup, the 
reaction mixture was concentrated to dryness under flowing N2 and 
reconstituted in methanol-water (V:V = 50:50), and filtered through a 
0.45 μm pore size membrane, then the products were directly analyzed 
by LC-MS. As shown in Fig. 2, the peak area of methylated product rises 
distinctively with increasing TMSD amount until a plateau is achieved at 
100 μL, indicating that nearly all of the PA was derivatized. Considering 
the overall experimental efficiency, 150 μL TMSD was selected for the 
final method. 

Reaction time also plays an important role in affecting the derivati-
zation efficiency. Using 150 μL TMSD and 1 mL of 100 μg/mL PA, studies 
of reaction time were performed. The mixtures were allowed to stand at 
ambient temperature for 10 min, 30 min, 60 min, 120 min, 180 min, and 
240 min, respectively. After workup, concentration, reconstitution, and 
filtration, the products were directly analyzed by LC-MS. As shown in 
Fig. 3, the peak area of the methylation product increases rapidly with 
increasing derivatization time until a plateau is reached after 60 min. 
Considering the overall experimental efficiency, the derivatization time 
was selected to 60 min for the following experiments. 

3.3. Influence of metal ions and its removal 

Similarly, the methylated product of PA also has a good affinity to 
metal cations, thus the presence of metal ions can remarkably affect the 
detection sensitivity of PA-Me. Metal cations, including Ca2+, Mg2+, 
Al3+ and Fe2+, are widely present in various beverages. In order to 
investigate the effect of metal ions, 10 μL 10 mM Ca2+, Mg2+, Al3+, and 
Fe2+, respectively, were added into 1 mL 100 μg/mL PA standard so-
lutions. The solutions were then treated with TMSD according to the 
optimized PA methylation procedure and the products were directly 
subject to LC-MS analysis. As expected, addition of any metal cation 
decreased the peak area of the PA-Me (Fig. 4), indicating that the 
presence of coordinating metal ions inhibits the ionization of PA-Me. 

EDTA is a well-known chelating reagent for metal cations. To elim-
inate the combination of PA-Me and metal ion, 10 μL of EDTA solution 
(1000 μg/mL) was added into 1.0 mL derivative solution of 100 μg/mL 
PA standard prior to LC-MS analysis. Excitingly, LC-MS analysis showed 
that the corresponding peak area increased about 3–7 times (Fig. 4), 
indicating that the combination of PA-Me and metal ion was eliminated. 
Thus, addition of EDTA was determined to be a key step to improve the 
sensitivity of PA-Me analysis by LC-MS. 

3.4. Quantification of methylated PA 

Using the optimized derivatization conditions, a PA standard solu-
tion was subject to methylation and the worked-up product, after 

Scheme 1. Methylation of PA with TMSD.  
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concentration and reconstitution, was serially diluted to create a series 
of standard solutions at: 100 ng/mL, 50 ng/mL, 10 ng/mL, 5 ng/mL, 1 
ng/mL, and 0.5 ng/mL 10 μL of EDTA solution (1000 μg/mL) was added 
into 1.0 mL derivative solution of each PA standard, and then the EDTA- 
containing derivative solutions were subjected to LC-MS analysis. Plot-
ting the relevant peak area as a function of the concentration resulted in 
a standard calibration curve for PA-Me with a determination coefficient 
(R2) > 0.999 (Table S1, and Supplementary Fig. S5). Reproducibility 
studies were carried out by five-fold repeating analyses of PA derivatives 
at 5 ng/mL and 50 ng/mL, respectively. Intraday reproducibility (RSD) 
was determined to be 3.4 % and 1.9 %, and diurnal reproducibility 
(RSD) was 2.2 % and 2.7 %, respectively. Prior to this study, known 
methods for the determination of PA have not been satisfactory nor 
sufficiently sensitive. When Kenan Dost et al. used reversed-phase high 
performance liquid chromatography to determine PA in wheat and 
wheat products, limit of detection (LOD) was 0.5 μg/mL (Dost & Tokul, 
2006). Using our developed TMSD-mediated PA methylation method, 
the LOD was found to be 0.075 μg/mL and limit of quantitation (LOQ) of 
0.25 μg/mL, which is a significant improvement in sensitivity. 

3.5. Application of method for PA analysis in beverages 

Lastly, the developed method was used to determine the PA content 
in 13 beverage samples. The PA content in tea, fruit juice, and drinkable 
yogurt was measured. As shown in Table 1, the PA content ranged from 
22 to 16860 μg/L, and the standard recovery ranged from 81.3 % to 
119.7 %. The PA content in different beverage samples differed greatly 
with values ranging from very high to very low within the juice cate-
gory. The PA content in tea was moderately high while the PA content 
was fairly low in yogurt drinks. The orange juice samples were an 
exception, in which the PA content was only 48 μg/L in orange juice 2 
while it was over 16000 μg/L in orange juices 1 and 3. Thus, PA was 
likely used as the food additive in orange juices 1 and 3, and it should 
attract our attention due to the much high content, which would have 
negative effect to our health. In summary, the developed method was 
able to effectively quantify PA content in multiple liquid matrices. 

Fig. 1. APCI-MS (a) of APCI-MS/MS (b) of PA-Me.  

Fig. 2. The influence of the TMSD amount on derivatization.  Fig. 3. The effect of derivatization time on derivatization.  
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4. Conclusions 

In this study, we have developed a simple method for the quantifi-
cation of PA in beverages using efficient methylation followed by LC- 
MS/MS analysis. Complete methylation of all the polybasic acid 
groups in PA was achieved by treatment with (trimethylsilyl) diazo-
methane. The derivative was easily analyzed by LC-MS, and thus the 
content of PA was determined. The addition of EDTA to the derivative 
solution greatly improved the sensitivity in the PA analysis. Under 
optimized conditions, the analytical method showed a good correlation 
(R2 > 0.999) in the linear range of 0.5–100 μg/L, a high accuracy (RSD 
< 3.4 %), and a good recovery (81.3–119.7 %). The method has applied 
for the determination of PA in 13 commercially available beverage 
samples, and the results showed that the PA content varied greatly 
among different beverages. PA often is used as the food additive in 
various beverages, and it should attract our attention for the beverage 
with distinctively high content of PA, since too much PA in beverage will 
have negative effect to our health due to its anti-nutritional effects. 
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Fig. 4. Influence of metal ions on the PA-Me detection.  

Table 1 
PA content determination in 13 beverage samples.  

Samplea Content 
μg/L 

Relative standard deviation (RSD)% Recovery 
% 

peach tea 777 2.2 92.2 
pomelo tea 768 3.1 99.1 
honey tea 246 4.0 119.7 
green tea 186 4.5 93.8 
oolong tea 47 7.3 81.3 
orange juice 1 16860 2.1 99.3 
orange juice 2 41 3.0 109.5 
orange juice 3 16790 1.2 100.7 
grape juice 48 5.2 93.2 
apple juice 257 8.2 114.2 
peach juice 22 4.7 92.1 
strawberry yoghurt 52 5.1 106.4 
plain yogurt 51 4.9 91.6  

a Orange juice 1 and 3 were diluted 100 times by deionized water, and the PA 
content in the samples was determined according to that in the diluted sample 
multiplied by 100 times. 
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