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Abstract: In this study, iron absorption from a tempe fermented whole-grain barley meal was measured, and results were 
compared to in vitro estimation of available iron from an equivalent meal. The tempe meal (TM) was prepared from bar-
ley fermented with Rhizopus oligosporus to reduce the phytate content <0.5 mol/g. Boiled barley with preserved phytate 
content was used as reference meal (BBM). Iron was added to obtain a total content of 3 mg meal in the human study, and 
to the in vitro meals 7 mg of iron was added. The iron absorption from TM and BBM was 5.5±1.5% and 3.0±0.7% respec-
tively, and in vitro iron availability was 4.9±0.2% in TM and 1.7±0.1% in BBM (absorbed fraction of total iron/meal).  

To conclude, iron absorption from a barley meal was improved by reducing the phytate content via tempe fermentation, 
and iron absorption was predicted by direction in the in vitro experiments. 
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INTRODUCTION 

 Vegetarianism has often been associated with possible 
nutritional inadequacy, especially with regard to iron. The 
absorption of iron for vegetarians is lower than for non-
vegetarians [1-3]. In a study by Waldmann et al. [4], as 
many as 40% of young female vegans were found iron defi-
cient and Alexander et al. [5] found that vegetarians had 
lower serum ferritin concentrations than age-sex matched 
omnivores. Since iron is a necessary micronutrient, there is a 
need for the development of novel vegetarian products with 
high iron bioavailability.  

 Whole grain cereals are often low in iron availability due 
to high contents of phytate (myo-inositolhexaphospate, 
InsP6) and iron-binding polyphenols. Nevertheless, there are 
benefits from including cereals in the diet, like reduced risk 
of developing cardio vascular diseases, diabetes and obesity 
[6-9]. Barley is an underutilized cereal in Sweden, mainly 
used for animal feed [10]. Antioxidants and -glucans are 
abundant in whole barley kernels [11] and compared to crops 
such as sorghum, millet, rice and beans, barley has a low 
polyphenol content [12-16]. However, the phytate content is 
more substantial [17] and hence, the main iron absorption 
inhibitor in barley. Therefore, to increase iron absorption 
from barley foods, degradation of the phytate content is re-
quired. Other important food factors affecting iron absorp-
tion are e.g. ascorbic acid and meat (enhancers), as well as 
polyphenols and calcium (inhibitors) [18, 19]. 

 Phytate is hydrolysed via intermediate myo-inositol-
phosphates (InsP5 to InsP1) into myo-inositol and inorganic  
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phosphate. Degradation of phytate can be achieved during 
food processing through the addition of exogenous phytases 
[20], by micro-organisms producing phytase or by endoge-
nous cereal phytases [21]. Most cereal phytases are reported 
to have their pH optima between 4.5 and 6.0 and temperature 
optima between 45 and 55°C [22]. In the study by Greiner et 
al. [23] barley was found to have two phytate-degrading en-
zymes – P1 and P2 – with optimal conditions reported to be 
45°C, pH 5.0, and 55°C, pH 6.0, respectively. The micro 
fungus Rhizopus oligosporus used to ferment the vegetarian 
food tempe [24], has a phytase with optimal capacity at 65°C 
and pH 5.0 [25]. R. oligosporus has also previously been 
found to reduce phytate content of e.g. soybeans and oil-
cakes during fermentation, although not to very low levels 
[26-28]. However, effective enhancement of iron absorption 
requires almost complete degradation or removal of phytate. 
Hallberg et al. [29] and Brune et al. [30] found that, in order 
to markedly increase iron absorption, the total content of 
phytate-P from a meal should not exceed 10 mg. Addition-
ally, the phytate to iron (InsP/Fe) molar ratio should be <1 
and preferably <0.5 to achieve satisfactory iron absorption 
[31]. Nevertheless, we recently reported that it is possible to 
substantially reduce the phytate content and concomitantly 
preserving minerals in barley during tempe fermentation 
[32].  

 To assess the effect on iron bioavailability from reducing 
the phytate content in foods, the most reliable approach is 
considered conducting a human study. However, there is also 
a need for less time-consuming but valid models for screen-
ing of foods. Cost-effective in vitro models, capable of as-
sessing the factors influencing iron availability, could there-
fore serve as important tools in predicting bioavailability 
[33]. 

 To our knowledge, no studies in humans have been per-
formed to determine the effect of low phytate tempe prod-
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ucts on iron absorption. The aim of the present investigation 
was to measure human iron absorption from tempe fer-
mented whole grain barley and a reference boiled barley 
meal, and to compare the results with in vitro estimation of 
iron availability in equivalent meals using a computer-
controlled gastrointestinal model. 

MATERIALS AND METHODS  

Raw Material and Preparation of Meals 

 The high ß-glucan (6.3%) and high amylose (40.7%) 
variety barley, cv. Karmosé [34], was obtained from Svalöf 
Weibull AB, (Svalöv, Sweden). This variety was chosen 
since the barley tempe was simultaneously optimised to in-
duce low glycemic response, examined in a separate study 
[35]. Production processes were performed at Cerealia R&D 
(Järna, Sweden).  

Table 1. Nutrient Content (Dry Weight) in a Portion of a TM 

(Tempe Meal) and a BBM (Boiled Barley Meal) of 

the Human and the in vitro Studies 

Human study 

(n = 8) 

In vitro study  

(n = 4) 
 

TM BBM TM BBM 

 

w.w. 115 115 57 57 g Meal 

size 
d.m. 56 56 28 28 g 

Protein 2.4 3.2 1.2 1.6 g 

Fat 0.9 1.0 0.45 0.5 g 

Carbohydrates 14.8 17.2 7.4 8.6 g 

Dietary fibre 3.0 4.3 1.5 2.2 g 

Starch 12.0 17.7 6 8.9 g 

Water 64.4 70.6 32.2 35.3 g 

Iron (in kernels) 1.9 1.1 0.95 0.55 mg 

3.0 3.0 7.8 7.5 mg 
Iron (total) 

54 54 139 134 mol 

Phytate-P 6.5 72.3 3.3 36.2 mg 

InsP3-6 41 452 20 226 mol 

Molar ratio 

(InsP/Fe) 
0.8 8.4 0.4 1.7  

328 384 164 192 kJ 
Energy 

78 92 39 46 kcal 

 To produce the tempe meal (TM), fermentations were 
performed according to Eklund-Jonsson et al. [30]. Briefly, 
barley kernels were pearled for 5 min in a laboratory scale 
grinder (Strechel und Schrader, Germany), and the pearling 
residue was collected. The husk was removed from the pearl-
ing residue and discarded. Pearled kernels were soaked in 
lactic acid (0.3% lactic acid; 6+4 h of soaking at 48°C), 
boiled (10 min) and drained before the pearling residue was 
returned. The fungal strain, Rhizopus oligosporus ATCC 
64063, was produced according to Feng et al. [36]. The 

drained kernels were mixed with the pearling residue (ker-
nel/residue mixture; pH 4.5, water content 54%), inoculated 
with R. oligosporus and allowed to ferment for 27 h at 32°C. 
Tempe cakes were stored at minus 20°C until the day of 
serving. The boiled barley meal (BBM) was produced by 
pearling kernels for 1 min to remove husk, and simmering 
kernels in water (70 min) with NaCl (human study, 0.75 g; in 
vitro study, 0.38 g per portion). The nutrient contents per 
portion of the TM and BBM are shown in Table 1.  

Human Study – Experimental Design and Subjects 

 Iron absorption from the test meals was measured using 
two different radio iron tracers 55Fe (BBM) and 59Fe (TM) 
and each subject served as its own control. The meals were 
all served in a fasting state in an ABBA order, where A was 
the TM and B was the BBM. The test meals were given on 
four consecutive days and no food or drink was allowed for 
3h after the meals. Two weeks after the last serving, the total 
retention of 59Fe was measured by whole-body counting and 
blood samples were taken to determine the content of 55Fe 
and 59Fe in blood. The principal design of the human study 
has been described in detail by Hallberg [37]. 

 The endogenous iron content of the meals was 1.9 mg 
(TM) and 1.1 mg (BBM). Iron was added (as FeSO4* 7H2O) 
up to 3 mg per portion, in order to reach equal iron content in 
the meals, and to increase the accuracy in iron absorption 
measurement. This resulted in molar ratios (InsP/Fe) of 0.8 
(TM) and 8.4 (BBM). The size of the test meals were ~115 g 
(w.w.) and according to the energy content, meals were suit-
able as a snack or part of a bigger meal. The TM and BBM 
had slightly different nutrient compositions, with higher 
macronutrient levels in BBM and higher endogenous iron 
content in TM (Table 1). Water (200 ml) was served with 
each meal and before serving the TM, 0.75 g NaCl was 
added per portion (~115 g w.w.).  

Table 2. Age and Weight Distribution, and Haematological 

Measurements Among Subjects (n=8) of the Human 

Study 

  Mean ± SEM Range 

Age 33±4 21-53 

Weight 73±5 60-106 

Haemoglobin (g/l) 139±5 127-170 

Serum ferritin ( g/l) 19±3 6-29 

Total Iron-Binding Capacity 
TIBC, ( mol/l) 

80±5 57-100 

Blood sedimentation (mm) 7±3 1-11 

Transferrin saturation (%) 22±3 10-31 

 Ten subjects were recruited by advertising on the campus 
of Göteborg University. The project was approved by the 
Ethics Research Committee of the Göteborg University and 
by the Radioisotope Committee at the Sahlgrenska Univer-
sity Hospital, Göteborg. The volunteers were given oral and 
written information about the aims and procedures prior to 
the study. The subjects height and weight were measured and 
blood samples were taken to establish; haemoglobin (g/l), 
serum ferritin ( g/l), transferrin saturation (%), blood sedi-
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mentation (mm) and total iron-binding capacity (TIBC, 
mol/l) (Table 2). Blood samples were analysed at the Cen-

tral Laboratory Sahlgrenska University Hospital, Göteborg. 
At the time of recruitment, non of those recruited were con-
suming nutrient supplements, they were all non-pregnant and 
without known gastrointestinal disorders. However, during 
the study, two subjects were excluded due to infection on the 
basis of high blood sedimentation values (>15 mm). The 
eight accepted subjects, two men and six women were aged 
21-53, and thereof five were regular blood donors.  

In Vitro Study Method 

 A computerised dynamic gastrointestinal model – TIM 
(TNO gastroIntestinal Model) described in detail by 
Minekus et al. [38], was used for the in vitro experiments 
(Fig. 1). The model has previously been used for simulated 
digestion of cereal products to estimate iron dialyzability 
[39-41]. The model simulates gastric emptying and small 
intestinal passage of foods in the human intestinal tract with 
good accuracy and reproducibility [38, 42]. Physiological 
amounts of digestive juices are secreted [38] into the four 
compartments of the model - stomach, duodenum, jejunum 
and ileum. The composition of the different digestive juices 
and the experimental conditions are according to Haraldsson 
et al. [41].  

 During the experiment, the intestinal fluids were dialyzed 
through the semi-permeable hollow fibre filters (Hospal 
hemodialyzer HG-400 (cut-off 3-5 kD), Gambro, Renal 
Products, Lund, Sweden), allowing for dissolved nutrient 
and small complexes to diffuse across the membrane. The 
dialysed fluids were collected in the jejunal and ileal con-
tainers where samples were taken for determination of iron. 
Each experiment was repeated four times using a protocol 
suitable for semi-solid foods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic picture of the TNO gastrointestinal in vitro 
model (TIM). 
aInlet, bStomach, c,d,eSmall intestine – duodenum, jejunum and il-
eum, fIleo-cecal valve (outlet), gSemi-permeable hollow fibre filters 
(dialysis filters), h,jJejunal and ileal containers, kWater bath. 
 
 Compared to the human study meals, the in vitro meals 
were halved due to model limitations. The meals included 55 
g (w.w.) and were homogenised for 30 or 60 s (TM and 

BBM, respectively), using a household mixer. The homog-
enisation method was designed after authentic chewing and 
the average particle size was approximately 1x1x2 mm. Due 
to large dilution of intestinal fluids occurring in the TIM 
experiments, the amount of added iron was increased to en-
able accurate determination. To the meals, 7 mg of iron 
(1250 l, 0.1M FeSO4 in 0.1 M HCl) was added up to a total 
of 7.8 mg in a TM and 7.5 mg in a BBM, including the en-
dogenous iron. This resulted in molar ratios (InsP/Fe) of 0.4 
for the TM meal and 1.7 for the BBM meal. Water was 
added up to a total volume of 300 ml before introducing the 
meal into the gastric compartment.  

Chemicals 

 For the human study, isotopes 59Fe and 55Fe were pur-
chased from Perkin Elmer Life Science (USA). The isotope 
solutions 55Fe and 59Fe were prepared in 0.1 mol/l HCl and 
55.5 kBq was given of 59Fe and 148 kBq of 55Fe. 59Fe was 
checked for activity in a whole body counter at the Radiation 
Physics Department (Göteborg) before use. In the in vitro 
experiments, porcine bile extracts (B-8631), porcine stomach 
mucosal pepsin A (2260 units/mg, P-7012), bovine pancre-
atic trypsin (7500 N- -benzoyl-L-arginine ethyl ester 
(BAEE) units/mg T-4665), porcine pancreatin (4*U.S.P., P-
1750) (Sigma-Aldrich, Stockholm, Sweden) and lipase 
(150,000 units/mg, F-AP 15) (Amano Enzyme Inc. Nagoya, 
Japan) were used. 

Analytical Methods 

Preparatory Analyses 

 Tempe and reference material were analysed for inositol 
phosphates (InsP3-6) and iron content. Samples were freeze 
dried (Hetosicc, Heto Birkerød, Denmark) and finely ground 
in a coffee grinder (Krups 75, type 203E). Determination of 
dry matter was performed on a moisture balance (Precisa Ha 
300, Zürich, Switzerland). InsP analyses were performed 
according to Carlsson et al. [43] (method CV = ±2.7%, for 
barley samples) by extraction with HCl (0.5 M) and quantifi-
cation with High Performance Ion Exchange Liquid Chro-
matography (HPIC). Iron content was determined in samples 
completely dissolved by heating in HCl and HNO3 and 
deionised water in a high-pressure microwave oven (Ethos 
Plus, Milestone Microwave Laboratory Systems). Iron 
analysis was performed by HPIC according to Fredrikson et 
al. [44] (method CV = ±1.2% for Fe contents >1 ppm).  

Human Iron Absorption 

 The analysis of 55Fe and 59Fe concentrations in blood was 
undertaken with minor modifications of the method by Eak-
ins and Brown [45], using a liquid-scintillation spectrometer 
(Tri-Carb, Packard Instruments, San Antonio). Relative ab-
sorption of the isotopes 55Fe and 59Fe was determined in the 
blood, while the absolute absorption of 59Fe was measured 
by whole-body counting. The absolute absorption of 55Fe 
was calculated from the absolute absorption of 59Fe and the 
relative absorption of 55Fe and 59Fe in the blood. Procedures 
and methods have previously been described by Björn-
Rassmussen et al. [46]. The results were statistically evalu-
ated by t-Test: Paired Two Sample for Means. 

In Vitro Iron Availability 

 The samples from the collected dialysates were analysed 
for iron content with minor modifications by HPIC using the 
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method by Fredrikson et al. [44]. To 0.8 ml of the dialysate 
sample, 0.1 ml of ascorbic acid (20 mg/ml) was added and 
samples were spiked with 0.1 g Fe/ml sample (0.1 ml, 1 

g/ml). The results were statistically evaluated using t-Test: 
Paired Two Sample for Means. 

RESULTS 

 The human iron absorption and the in vitro available iron 
from tempe fermented barley meals (TM) and boiled barley 
meals (BBM) are presented in Tables 3 and 4. In the human 
study, the iron absorption was significantly (p<0.05) in-
creased by 94±3% from 3.0±0.7% in BBM to 5.5±1.5% in 
TM. The combination of high serum-ferritin and high serum-
Fe values in a subject, resulted in low absorption values, and 
vice versa. In vitro available iron was significantly (p<0.001) 
increased from 1.7±0.1% in BBM to 4.9±0.2% in TM.  

Table 4. Iron Available from a TM and a BBM Meal (~57 g, 

w.w.) of the in vitro Study 

 TM BBM 

   
a 

g 
b 
%  

a 
g 

b 
% 

I 368.2 4.7 95.5 1.3 

II 371.4 4.8 138.1 1.8 

III 348.1 4.5 140.0 1.9 

IV 428.7 5.5 124.6 1.7 

Mean 379* 4.9* 125 1.7 

SEM 17 0.2 10 0.1 
c CV (%) 9.1   16.5   

aThe amount of iron available after simulated digestion, bIron availability expressed as 
a fraction of total iron, ccoefficient of variation, *The value is significantly different 
from the value of the reference meal (p< 0.001). 

DISCUSSION 

 The influence of phytate content reduction in whole grain 
barley on iron absorption and iron availability was investi-
gated. In both human and in vitro studies, the phytate-P con-
tent of the TM was below 10 mg (6.5 mg / 3.3 mg), and in 
the BBM above 10 mg (72.3 mg / 36.2 mg). The InsP/Fe 
molar ratio of the TM was below 1 in both the human and 
the in vitro studies (ratios 0.8 and 0.4), while the InsP/Fe 
ratios of the BBM of the human and in vitro studies were 
above 1 (ratios 8.4 and 1.7). In the study by Brune et al. [28], 
InsP6 was found to inhibit iron absorption, and InsP5 – InsP3 
were also suggested to influence absorption, which was later 
confirmed by Sandberg et al. [47]. In the present study, the 
InsP3-6 content of the TM was reduced to 0.36 mol/g (w.w.) 
by an optimised tempe fermentation process [30], therefore 
an increase in absorption and availability of iron was ex-
pected. 

 Human absorption of iron was increased by 94±0.3% 
from the low phytate (41 mol InsP3-6 or 6.5 mg phytate-P) 
barley meal compared to the high phytate (452 mol InsP3-6 
or 72.3 mg phytate-P) barley meal. Despite the low phytate-
P content the iron absorption was relatively low from TM 
(5.5±1.5%) as well as from BBM (3.0±0.7%). According to 
the study by Brune et al. [28], phytate-P content correspond-
ing to those of the TM and BBM meals were expected to 
result in ~13% and ~7.5% iron absorption respectively. The 
low iron absorption may be explained by the fact that barley 
kernels in both TM and BBM were largely intact, and of a 
high amylose/ß-glucan variety [34], factors which have been 
suggested to induce a slow digestion and a low glycemic 
response [35, 48, 49]. Consequently, the release of iron from 
the food matrix might be restrained. This theory is supported 
by the study of Björn-Rasmussen et al. [50] where iron ab-
sorption was lower from a meal with polished whole rice 
kernels compared to a rice flour meal prepared from the pol-
ished rice. On the other hand, the isotope method assumes 
labelling iron to be fully exchanged in food during prepara-
tions, which might not be the case with intact kernels [51]. In 
the study on unpolished rice by Björn-Rasmussen et al. [50], 
the mean iron absorption of an extrinsic tracer was signifi-
cantly higher (4.60±1.90%) than of an intrinsic tracer 
(2.72±1.07%) from the same meal, suggesting that structures 
such as the aleurone layer impair the rate of diffusion of ex-
trinsic tracers into the kernels, which then would result in a 
false to high absorption of the extrinsic tracer. However, our 
study shows similar results to the study by Larsson et al. [52] 
where the iron absorption from malted, milled oat porridge 
with low phytate content (231 mol InsP3-6 or 37.0 mg phy-
tate-P) was increased to 6.0% from 4.4% compared to a high 
phytate (452 mol InsP3-6 or 83.7 mg phytate-P) milled oat 
porridge meal. 

 To accurately predict iron absorption using in vitro 
methods presents a challenge, since a number of the factors 
involved in human iron absorption are difficult to mimic 
[33]. Nevertheless, attempts can be made to simulate the 
different stages of bioavailability in vitro [33]. Dialyzability 
is designed to predict the first step – availability. Using the 
TIM model, the digestion processes are simulated, allowing 
for measurements of the dialyzability. The in vitro and the 
human study were both performed on identically prepared 
test meals, however, the in vitro meals were halved and the 

Table 3. Iron Absorption from a TM and a BBM Meal (~115 

g, w.w.) of the Human Study 

 TM BBM 

Subjects 
a

g 
b
% 

a
g 

b
% 

F BD 111 3.70 93 3.10 

F 48 1.60 45 1.50 

F 102 3.40 39 1.30 

FBD 156 5.20 132 4.40 

MBD 399 13.30 171 5.70 

FBD 66 2.20 18 0.60 

F 93 3.10 69 2.30 

MBD 336 11.20 156 5.20 

Mean 164* 5.5* 90 3.0 

SEM 46 1.5 20 0.7 

F = Female, M = Male, BDBlood donor, aThe amount of iron absorbed from the meals, 
bIron absorption expressed as a fraction of total iron, *The value is significantly differ-

ent from the value of the reference meal (p< 0.05). 
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amount of added iron was increased due to the nature of the 
model. The in vitro obtained data were validated against the 
human absorption data. 

 The in vitro availability was found to increase nearly 
three times from 1.7±0.1% of total iron available in BBM 
(226 mol InsP3-6 or 36.2 mg phytate-P) to 4.9±0.2% in TM 
(20 mol InsP3-6 or 3.3 mg phytate-P). The in vitro results for 
the TM correspond well to the human study, but the results 
from the BBM shows a larger discrepancy. Since iron be-
comes chelated by phytate and a large dilution of sample 
fluids occurs during the in vitro experiment, dialyzable iron 
concentration can become very low in a high-phytate meal 
and may therefore be underestimated. Nevertheless, the di-
rection of the results are consistent with the results from the 
human study, i.e. iron availability is increased from TM as 
compared to the reference meal. The gastrointestinal model 
has also previously been used to evaluate iron availability 
from low phytate meals. The results of the present study 
concur with those of Haraldsson et al. [41], where iron avail-
ability from barley porridge was increased from 0.4% in un-
processed high phytate barley (511 mol InsP3-6 or 85.7 mg 
phytate-P) up to 7.9% in low phytate malted barley (13 mol 
InsP3-6 or 2.2 mg phytate-P). Furthermore, in vitro results on 
dephytinized pea and soy protein meals, described by Sand-
berg [53], also compare well with the human study by Da-
vidsson et al. [54] using identical meals.  

 This is a model study on the effect of phytate removal on 
the iron availability and absorption. Very simple meals were 
chosen in order not to have any interfering effects from other 
food items. Iron was added to increase the accuracy in meas-
uring the inhibitory effect of phytate, and to have equal con-
tent of iron in the test meals. The added iron could be con-
sidered as coming from a second food item in a composite 
meal.  

 Hence, this investigation demonstrates that fractional iron 
absorption can be improved by phytate content reduction via 
tempe fermentation of whole grain barley. Barley tempe 
could therefore contribute to novel vegetarian products with 
high nutritional value and high iron bioavailability. The ex-
periments also show that it is technically feasible to repro-
ducibly determine relative availability of iron from cereal 
products with the in vitro model, and that it is a potential tool 
for prediction of in vivo bioavailability.  
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