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Phytate is a six-fold dihydrogenphosphate ester of myo-inositol or cis-1,2,3,5-trans-4,6-cyclohexanehexol which is the
most abundant of nine possible isomers of inositol (Ins). Myo-orientation is also found in the case of phytic acid, which is
due to the fact that the maximal number (i.e., five out of six) of phosphate groups are present in thermodynamically
stabilized equatorial position. However, the molecule can be inverted from equatorial (1a5e) to the axial (5ale) orientation
between pH 9.0 and pH 9.5.
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| 1. Introduction

Phytate (InsP6) represents a deprotonated (salt) form of dodecaprotic phytic acid (Figure 1) which can also be found in
the literature by other names, including the commonly used inositol hexakisphosphate (generally abbreviated as InsP6,
IP6), 1,2,3,4,5,6-hexakis(dihydrogenphosphate) myo-inositol, or by the following IUPAC name; (1s,2R,3R,4r,5S,6S)-
cyclohexane-1,2,3,4,5,6-hexayl hexakis(dihydrogen (phosphate)).
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Figure 1. Structure of phytic acid in equatorial conformation.

Because of the structural, chemical and physical properties, phytates can be found in many biological systems; including
most of plant and mammalian cells & . In nature they exist mostly in the form of calcium—magnesium—potassium mixed
salts, also known by the term phytins . The highest content of phytates were found in plant seeds and grains (e.g.,
cereals, legumes, and nuts &) as the main source of inositol and phosphorous (typically accounting for 60-90% of total P)
[ as well as an important storage of cations (in the form of phytate salts) and high-energy phosphoryl groups [ .
Although the biological role of phytic acid in the animal cells has not been fully explained, it has been shown to serve
several important physiological functions; including antioxidant activity €, cell signalling @, and regulation of different
intracellular processes 8,

| 2. Effect

Particularly in the case of (vegetarian) diets based on the plant products, such as wheats and legumes that are very
frequent in developing countries, phytates can play an important role in nutrition. Numerous publications regarding their
antinutritional effects can be found in the literature due to their strong binding interactions with essential minerals, such as
Ca?*, Mg?*, zZn?*, Fe?*, Fe®*, cu?*, and Mn?* &, proteins, carbohydrates and lipids 1%, This is mostly due to the
electrostatic interactions which arise from the (partial) deprotonation of phytic acid in the wide range of pH and
consequent negative charge of phytate anion in the range from -1 to —12 1. Formation of (un)soluble coordination
compounds decreases the bioavailability of minerals in food and hinders their absorption 12, Phytates can also form
unspecific complexes with some proteins and therefore change their solubility and enzymatic activity 13, inhibit
carbohydrate metabolism 14! | whereas the formation of lipophytic products leads to formation of metallic soaps and
decreased lipid bioavailability 13, Because humans and most of animals (except ruminants [28) are not able to digest
phytic acid, phytase is added into animal food 2, while specific microorganism, which synthesize this enzyme, are used
in the case of human nutrition 18], Phytases catalyze the hydrolysis of phytic acid (InsP6) which is dephosphorylated to



lower myo-inositol phosphates (represented as InsPx, x < 6), namely: myo-inositol pentakis- (InsP5), tetrakis- (InsP4), tris-
(InsP3), bis- (InsP2), monophosphate (InsP1), and in certain cases to the final product myo-inositol (Ins), leading to
weaker interaction with nutrients and decreased antinutritional activity 22, However, non-enzymatic hydrolysis can also
take place when food is heated (e.g., autoclaving, canning) or treated with strong acid. However, phytic acid also functions
as a precursor of inositol pyrophosphates (x > 6), such as InsP7 and InsP8, in which the fully phosphorylated InsP6 ring is
further phosphorylated to create molecules that contain one or more high-energy pyrophosphate bonds 29,

On the other hand, strong interactions with heavy metals [21, particularly with iron and copper ions 11, exhibit also an
antioxidant (22 and anticancer effects 23] of phytates alone or in combination with other inositol phosphates as reviewed
by Vu&enik and Shamsuddin 24 (2006). A specific coordination site between phosphate groups 1, 2, and 3 (see Figure 1)
causes a significant negative shift of reversible redox potential of the redox couple Fe2*/Fe3* 123 and even more
importantly the removal of all available (six) coordination sites of iron, and therefore completely inhibiting its ability to
catalyze Fenton reaction and hydroxyl radical (“OH) formation 28, As a result, there are many studies of therapeutic or
other beneficial effects of phytic acid as a dietary agent [24. Moreover, phytates exhibit also a number of other beneficial
effects on human health, such as inhibition of kidney stone formation 2! and reducing the risk of cardiovascular diseases
by lowering of serum cholesterol level.

| 3. Classical Analytical Methods
3.1. Precipitation Techniques

The first (original) analytical method for the determination of phytic acid content in cereals was developed in 1914 by
Heubner and Stadler, which was based on the extraction of finely ground grain particles by HCI and titration of the extract
with acidic solution of FeCls in the presence of ammonium thiocyanate. Phytate forms white precipitate with Fe3* ions,
while the titration endpoint is observed by the appearance of red-colored iron(lll) thiocyanate complex. To overcome
difficulties with the endpoint recognition, improvements of the original method were introduced in the following years by
Rather 28] (1917), Averill and King 22 (1926), and Harris and Mosher 2% (1934) implementing modifications into direction
of total phosphorous assay and/or quantification of precipitated iron. As an example of an early classical analysis of phytic
acid from this period is worth mentioning the publication of McCance and Widdowson B (1935) who used the approach
based on the extraction of dried food samples with HCI, filtration, and neutralization with NaOH to prepare the sample
solution which was precipitated with FeCls. The precipitate was then separated from the heterogenous mixture by filtration
and upon the addition of NaOH and heating, the iron(lll) was transferred from the initial phytate complex to Fe(OH)3
precipitate, while the released phytate solution was hydrolyzed by Kjeldahl wet digestion method and used for the
colorimetric determination of orthophosphate according to the procedure of Briggs 22 (1922) based on the molybdenum
blue reaction 23], The procedure was used for the assay of phytic phosphorous in different foodstuffs and its absorption in
humans, but it was later replaced due to the tedious and time-consuming procedure.

A faster assay can be achieved by an indirect method, where phytate is again firstly precipitated with heating in the acidic
solution of a known iron(lll) content and secondly the excess of iron is determined by back titration. An additional
improvement of the method, as originally described by Young B4 (1936), is colorimetrical determination of iron 2,2'-
bipyridine complex at 519 nm in order to determine the decreased iron in the supernatant which is proportional to the
phytic acid content. A similar approach was later used for the analysis of phytate in soya-based vegetable protein by
Davies and Reid B2 (1979) and in cereal and cereal products by Haug and Lantzsch 28! (1983) with modifications of
previously described procedure of Holt B! (1955). As reported by Reeves et al. 28! (1979) thorium(IV) has also been used
for the titrimetric assay of phytate as an additional reagent to the commonly used iron(lll). As discussed in the following
paragraphs, the use of the first chromatographic methods began in the same period, however the precipitation methods
were still more convenient for the routine (food) analysis, although the chromatography showed better accuracy as
discussed also by Thompson and Erdman B2 (1982) who investigated the comparison between both methods for
determination of phytate in soybeans.

In general, precipitation reaction of phytic acid is not dependable and shows difficulties for analytical applications due to
the following main reasons. (i) The first and most important issue is an inconsistent stoichiometric ratio between iron(lll)
and phytic acid in the precipitate, which depends strongly on the pH, ionic strength and the presence of other multivalent
metals, such as Ca?*, exhibiting a synergistic effect on the amount of the precipitate formed B, (ii) The second problem is
the non-selectivity as the titrimetric methods do not allow to distinguish between phytate and its dephosphorylated
analogues (InsP5—InsP1) and/or inorganic (poly)phosphates which can also form insoluble precipitates with Fe3* ions and
thus cause overestimations. (i) Finally, for these kind of (classical) titration procedures very large quantities of the dried
biological material (e.g., plants or seeds) are required for reasonable titrant consumptions. Due to these fundamental



problems of precipitation-based techniques, the results from this period should be considered carefully, particularly in the
case of analysis of food samples which are rich in both the multivalent metals and phytate hydrolysis products, i.e.,
InsP5—-InsP1 and “free” orthophosphate. Additional information regarding the development of early methods for phytic acid
determination in foodstuffs can be also found in the review of Xu et al. 2% (1992).

3.2. Potentiometric Titrations

With the development of advanced computational data analysis (around year 2000), titrimetric methods have been
extensively applied also for the investigation of phytate acid-base properties as well as its interactions with multivalent
metal ions, resulting in numerous publications of protonation and complex stability constants, collected in the reviews of
Torres et al. [ (2005) and Crea et al. 41 (2007). Due to the uncertainty of phytic acid concentration, which can arise
because of the insufficient purity of commercially available phytate salts (< 95%) and/or fast moisture sorption, the use of
accurate analytical methods requires a particular attention to the precise standardization of phytic acid prior to its use as a
standard and/or for the calibration of the method. This can be achieved by potentiometric titration using an one-point
determination as described by Lujan and Tong 2 (2015). However, due to the problematic determination of the initial
phytate protonation level which can lead to higher experimental errors, the differential (two-point) alkalimetric
determination, introduced by Marolt and Pihlar 42! (2015), proved as a reliable standardization procedure of phytic acid
(Figure 2). The method was later applied in the study of the phytate complexation with monovalent and divalent metals by
Marolt et al. 1 (2020) and for the investigation of the removal of dissolved organic phosphorous (in the form of phytate)
from wastewaters by Petzoldt et al. 44! (2020).

Figure 2. (a) Titration curve of 0.3081 mmol of phytic acid in 1.0 M NaCl with 0.0996 M NaOH, accompanied by the
corresponding derivative dpH/on(NaOH). Equivalent points (three in total) are indicated as EP;, EP,, and EP3, and
correspond to the 6th, 8th, and 12th deprotonation step, respectively. (b) Calibration curve based on the linear
dependance of the difference between the titrant consumption at first (EP1) and second (EP;) equivalent point (An(EPo—
EP4)) on the number of moles of titrated phytic acid (npny). The differential method allows for a reliable standardization of
phytic acid regardless on the initial protonation level of phytate. The calculation of phytate amount can be performed also
by using other pairs of equivalent points, e.g., EP;—EP3 or EP,—EP3. Adopted from [43],

References

1. Robin F. Irvine; Michael J. Schell; Back in the water: the return of the inositol phosphates. Nature Reviews Molecular C
ell Biology 2001, 2, 327-338, 10.1038/35073015.

2. Joseph A. Maga; Phytate: its chemistry, occurrence, food interactions, nutritional significance, and methods of analysis.
Journal of Agricultural and Food Chemistry 1982, 30, 1-9, 10.1021/jf00109a001.

3. N.R. Reddy; S.K. Sathe; D.K. Salunkhe; Phytates in Legumes and Cereals. Advances in Food Research 1982, 28, 1-9
2,10.1016/s0065-2628(08)60110-x.

4. Ernst Graf; Applications of phytic acid. Journal of the American Oil Chemists' Society 1983, 60, 1861-1867, 10.1007/bf0
2901539.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Saimai Chatree; Nanthaphop Thongmaen; Kwanchanit Tantivejkul; Chantacha Sitticharoon; Ivana Vucenik; Role of Ino

sitols and Inositol Phosphates in Energy Metabolism. Molecules 2020, 25, 5079, 10.3390/molecules25215079.

. E Graf; Antioxidant functions of phytic acid. Free Radical Biology and Medicine 1990, 8, 61-69, 10.1016/0891-5849(90)

90146-a.

. Nobuyuki Sasakawa; Mohammed Sharif; Michael R. Hanley; Metabolism and biological activities of inositol pentakisph

osphate and inositol hexakisphosphate. Biochemical Pharmacology 1995, 50, 137-146, 10.1016/0006-2952(95)00059-
9.

. Tania Maffucci; Marco Falasca; Signalling Properties of Inositol Polyphosphates. Molecules 2020, 25, 5281, 10.3390/m

olecules25225281.

. Julia Torres; Sixto Dominguez; M. Fernanda Cerda; Gonzalo Obal; Alfredo Mederos; Robin F. Irvine; Alvaro Diaz; Carlo

s Kremer; Solution behaviour of myo-inositol hexakisphosphate in the presence of multivalent cations. Prediction of a n
eutral pentamagnesium species under cytosolic/nuclear conditions. Journal of Inorganic Biochemistry 2005, 99, 828-84
0, 10.1016/j.jinorghio.2004.12.011.

Vikas Kumar; Amit K. Sinha; H. P. S. Makkar; Klaus Becker; Dietary roles of phytate and phytase in human nutrition: Ar
eview. Food Chemistry 2010, 120, 945-959, 10.1016/j.foodchem.2009.11.052.

Gregor Marolt; Ema Gri€ar; Boris Pihlar; Mitja Kolar; Complex Formation of Phytic Acid With Selected Monovalent and
Divalent Metals. Frontiers in Chemistry 2020, 8, 582746, 10.3389/fchem.2020.582746.

Walter Lopez; Fanny Leenhardt; Charles Coudray; Christian Remesy; Minerals and phytic acid interactions: is it a real
problem for human nutrition?. International Journal of Food Science & Technology 2002, 37, 727-739, 10.1046/j.1365-2
621.2002.00618.x.

S. S. Deshpande; Srinivasan Damodaran; Effect of Phytate on Solubility, Activity and Conformation of Trypsin and Chy
motrypsin. Journal of Food Science 1989, 54, 695-699, 10.1111/j.1365-2621.1989.tb04684.x.

Sung-Hyen Lee; Hong-Ju Park; Hye-Kyung Chun; So-Young Cho; Soo-Muk Cho; Hyun Soon Lillehoj; Dietary phytic aci
d lowers the blood glucose level in diabetic KK mice. Nutrition Research 2006, 26, 474-479, 10.1016/j.nutres.2006.06.0
17.

Stanistaw Matyka; Waldemar Korol; Grazyna Bogusz; The retention of phytin phosphorus from diets with fat supplemen
ts in broiler chicks. Animal Feed Science and Technology 1990, 31, 223-230, 10.1016/0377-8401(90)90126-s.

H. Noureddini; M. Malik; J. Byun; A.J. Ankeny; Distribution of phosphorus compounds in corn processing. Bioresource
Technology 2009, 100, 731-736, 10.1016/j.biortech.2008.05.056.

D.E.C.S. Rao; K.V. Rao; T.P. Reddy; V.D. Reddy; Molecular characterization, physicochemical properties, known and p
otential applications of phytases: An overview. Critical Reviews in Biotechnology 2009, 29, 182-198, 10.1080/07388550
902919571.

Juan Mario Sanz-Penella; Juan Antonio Tamayo-Ramos; Yolanda Sanz; Monika Haros; Phytate Reduction in Bran-Enri
ched Bread by Phytase-Producing Bifidobacteria. Journal of Agricultural and Food Chemistry 2009, 57, 10239-10244, 1
0.1021/jf9023678.

Tadashi Nagashima; Tatsuya Tange; Hideharu Anazawa; Dephosphorylation of Phytate by Using theAspergillus niger P
hytase with a High Affinity for Phytate. Applied and Environmental Microbiology 1999, 65, 4682-4684, 10.1128/aem.65.
10.4682-4684.1999.

M C Glennon; S B Shears; Turnover of inositol pentakisphosphates, inositol hexakisphosphate and diphosphoinositol p
olyphosphates in primary cultured hepatocytes. Biochemical Journal 1993, 293, 583-590, 10.1042/bj2930583.

Julia Torres; Nicolas Veiga; Jorge S. Gancheff; Sixto Dominguez; Alfredo Mederos; Markku Sundberg; Agustin Sanche
z; Jorge Castiglioni; Alvaro Diaz; Carlos Kremer; et al. Interaction of myo-inositol hexakisphosphate with alkali and alkal
ine earth metal ions: Spectroscopic, potentiometric and theoretical studies. Journal of Molecular Structure 2008, 874, 7
7-88, 10.1016/j.molstruc.2007.03.035.

B Dave Oomah; Coralie Blanchard; Parthiba Balasubramanian; Phytic Acid, Phytase, Minerals, and Antioxidant Activity
in Canadian Dry Bean (Phaseolus vulgaris L.) Cultivars. Journal of Agricultural and Food Chemistry 2008, 56, 11312-1
1319, 10.1021/jf801661;.

Ivana Vucenik; AbulKalam M. Shamsuddin; Cancer Inhibition by Inositol Hexaphosphate (IP6) and Inositol: From Labor
atory to Clinic. The Journal of Nutrition 2003, 133, 3778S-3784S, 10.1093/jn/133.11.3778s.

Ivana Vucenik; AbulKalam M. Shamsuddin; Protection Against Cancer by Dietary IP6and Inositol. Nutrition and Cancer
2006, 55, 109-125, 10.1207/s15327914nc5502_1.



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

Gregor Marolt; Martin Sala; Boris Pihlar; Voltammetric Investigation of Iron(lll) Interactions with Phytate. Electrochimica
Acta 2015, 176, 1116-1125, 10.1016/j.electacta.2015.06.120.

E Graf; J R Mahoney; R G Bryant; J W Eaton; Iron-catalyzed hydroxyl radical formation. Stringent requirement for free i
ron coordination site.. Journal of Biological Chemistry 1984, 259, 3620, .

Felix Grases; A. Llobera; Experimental model to study sedimentary kidney stones. Micron 1998, 29, 105-111, 10.1016/
s0968-4328(98)00006-7.

J. B. Rather; THE DETERMINATION OF PHYTIN PHOSPHORUS IN PLANT PRODUCTS.1. Journal of the American
Chemical Society 1917, 39, 2506-2515, 10.1021/ja02256a030.

H. P. Averill; C. G. King; THE PHYTIN CONTENT OF FOODSTUFFS. Journal of the American Chemical Society 1926,
48, 724-728, 10.1021/ja01414a027.

Robert S. Harris; L. Malcolm Mosher; Estimation of Phytin Phosphorus. Industrial & Engineering Chemistry Analytical E
dition 1934, 6, 320-321, 10.1021/ac50091a007.

Robert Alexander McCance; Elsie May Widdowson; Phytin in human nutrition. Biochemical Journal 1935, 29, 2694-269
9, 10.1042/bj0292694.

A.P. Briggs; A MODIFICATION OF THE BELL-DOISY PHOSPHATE METHOD. Journal of Biological Chemistry 1922, 5
3, 13-16, 10.1016/s0021-9258(18)85806-9.

Edward A. Nagul; lan D. McKelvie; Paul J Worsfold; Spas D. Kolev; The molybdenum blue reaction for the determinatio
n of orthophosphate revisited: Opening the black box. Analytica Chimica Acta 2015, 890, 60-82, 10.1016/j.aca.2015.07.
030.

Leslie Young; The determination of phytic acidl. Biochemical Journal 1936, 30, 252-257, 10.1042/bj0300252.

N. T. Davies; Hilary Reid; An evaluation of the phytate, zinc, copper, iron and manganese contents of, and Zn availabilit
y from, soya-based textured-vegetable-protein meat-substitutes or meat-extenders. British Journal of Nutrition 1979, 4
1, 579-589, 10.1079/bjn19790073.

Wolfgang Haug; Hans-Joachim Lantzsch; Sensitive method for the rapid determination of phytate in cereals and cereal
products. Journal of the Science of Food and Agriculture 1983, 34, 1423-1426, 10.1002/jsfa.2740341217.

R. Holt; Studies on dried peas. |. —The determination of phytate phosphorus. Journal of the Science of Food and Agric
ulture 1955, 6, 136-142, 10.1002/jsfa.2740060303.

R Reeves; Titration of phytic acid. Talanta 1979, 26, 1033-1034, 10.1016/0039-9140(79)80011-9.

D. B. Thompson; J. W. Erdman; Phytic Acid Determination in Soybeans. Journal of Food Science 1982, 47, 513-517, 1
0.1111/j.1365-2621.1982.tb10114.x.

P Xu; J Price; P J Aggett; Recent advances in methodology for analysis of phytate and inositol phosphates in foods.. Pr
ogress in food & nutrition science 1992, 16, 245-62, .

Francesco Crea; Concetta De Stefano; Demetrio Milea; Silvio Sammartano; Formation and stability of phytate complex
es in solution. Coordination Chemistry Reviews 2008, 252, 1108-1120, 10.1016/j.ccr.2007.09.008.

Inés Burgos-Lujan; Anthony Z. Tong; Determination of Phytic Acid in Juices and Milks by Developing a Quick Complexo
metric-Titration Method. Food Analytical Methods 2014, 8, 1836-1841, 10.1007/s12161-014-0075-5.

Gregor Marolt; Boris Pihlar; Potentiometric Determination of Phytic Acid and Investigations of Phytate Interactions with
Some Metal lons. Acta Chimica Slovenica 2015, 62, 319-327, 10.17344/acsi.2014.1127.

Claudia Santiviago Petzoldt; Juan Peralta Lezcano; Ivan Lopez Moreda; Removal of orthophosphate and dissolved org
anic phosphorus from synthetic wastewater in a combined struvite precipitation-adsorption system. Journal of Environm
ental Chemical Engineering 2020, 8, 103923, 10.1016/j.jece.2020.103923.

Retrieved from https://encyclopedia.pub/entry/history/show/15241



