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Abstract

In the present study, we have investigated the bioavailability of biotransformed organic zinc 

enriched dahi in vivo. The results evidence that the rats fed with zinc enriched dahi (ZED and 

ZEP) significantly increased (p<0.001) body weight and food intake from zero to third weeks. 

Analysis of zinc by AAS in body parts of different rat groups indicated that zinc content was 

significantly higher (p<0.001) in serum, femur bone, liver and hair of rats fed ZED/ZEP. Basal diet 

and inorganic zinc sulphate fed rat group excreted a greater amount of zinc in faeces. The results 

of in-vivo studies indicated that the bioavailability of organic zinc through dahi/probiotic dahi is 

high compared to its inorganic form.
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INTRODUCTION

Zinc plays an important function in human nutrition. It is a structural constituent of several 

enzymes and proteins and is involved in the regulation of appetite, stress level, gene 

expression, immune system development and cell stability (Roohani et al., 2013). It’s vital 

role in metabolic pathways, makes zinc as an indispensable element for the human body. 
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Although, required zinc amount varies with the age group, mean daily dietary zinc 

requirement of populations from several countries is ranged between 4.7 to 18.6 mg (World 

Health Organization, 2001). To meet the daily dietary requirement, zinc should be supplied 

regularly through food in adequate amounts, in a bio-available form. Often, food containing 

zinc does not fulfil the recommended dose for some population groups (Lucia et al., 2014), 

which has been attributed to poor zinc absorption from the diet. About 17.3% of the world 

population is at risk of inadequate zinc intake and the risk is highest in children under 5 

years of age (Wessells et al., 2012). In particular, zinc deficiency is considered as an 

emerging public health problem in India and other developing countries (Mogna et al., 
2012). Among the various strategies used to control zinc deficiency, fortification of food 

with presently available inorganic zinc is most common. However, reports suggest that 

inorganic salts have very little bioavailability as compared to organic form (Siepmann et al., 
2005). Organic form is chemically inert, more stable, less prone to mineral and nutrient 

interactions and sufficient to meet the requirement at lower levels (Swiatkiewicz et al.,2014).

Recently the concept of biotransformation of inorganic minerals into more bioavailable 

organic form by beneficial organisms such as Lactic Acid Bacteria (LAB) has been reported 

Mrvcic et al., 2009. LAB may be good vehicle for biomass formation of inorganic zinc into 

an organic form, in which microelements may bound in the form of protein complexes and 

are absorbed in the small intestine in a manner typical of peptides and proteins that enable 

diffusion of microelements into the gut (Mrvcic et al., 2009) (Kaur et al., 2017). Zinc-

enriched biomass of certain LAB, particular lactobacilli, could provide the host with a huge 

amount of bioavailable zinc that would satisfy the necessity of the suggested daily intake.

Dahi, most popular fermented dairy products of India, having a healthy image, consumed 

almost every day as part of a regular diet may serve as best food to fortify biotransformed 

organic zinc. Such biotransformed organic zinc coupled with fortification strategy may be 

used to overcome zinc deficiency in the target population. Further, some studies indicated 

that incorporation of probiotic lactobacilli can better biotransform inorganic zinc to organic 

form which renders more bioavailability. Therefore, in the present study, we aim to fortify 

bacterial transformed organic zinc in dahi/probiotic dahi and evaluate its bioavailability in 

Wistar rats.

MATERIALS AND METHODS

Procurement and maintenance of cultures

Lactobacillus fermentum SR4, Lactobacillus rhamnosus NCDC 610 and Streptococcus 
thermophilus NCDC074 were obtained from National Collection of Dairy Cultures (NCDC), 

ICAR-NDRI, Karnal, Haryana, India. The optimum growth temperature for these cultures 

was 37°C. They were always maintained in chalk-litmus milk at 4°C and sub-cultured in 

MRS broth as and when required during the experiment.

Production of organic zinc enriched biomass

Inorganic zinc biotransforming Lactobacillus fermentum SR4, earlier evaluated in our 

laboratory was used for large-scale production of organic zinc enriched biomass (under 
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previously optimized conditions). Initially, L. fermentum SR4 was inoculated into 10 lit of 

MRS-cysteine broth containing 1 ppm/mL of zinc sulphate and incubated at 37°C for 48 h 

using fermenter (New Brunswick™ BioFlo®/CelliGen® 115, Eppendorf, San Francisco, 

USA) under constant pH 5.5 with a shaking speed of 100 rpm. Zinc-enriched bacterial cells 

were harvested from the medium by centrifugation (6,000×g for 10 min at 4°C) followed by 

cell lysis was carried out by sonication. The prepared lysate was lyophilized and stored in 

−20°C until further use. Zinc content in biomass was analyzed by Flame Atomic Absorption 

Spectrophotometer (AA-7000 Series, Shimadzu, Kyoto; Japan) with set conditions (gas-

helium; weight factor-100 mg; calibration factor-1; volume factor-100; dilution factor-1).

Preparation of organic zinc enriched dahi and probiotic dahi

Fresh whole milk was procured from the experimental dairy of ICAR-NDRI, Karnal and 

standardized by adding skim milk to attain 13% total solids. The standardized milk was 

heated to 90°C for 15 min followed by cooling to 37°C. L. fermentum SR4 bacterial lysate 

was added to milk just before inoculation of the culture so that final product contains 15 

ppm of zinc. Based on initial trials, for preparation of zinc-enriched dahi, NCDC074 was 

inoculated singly at 2% (v/v) while for zinc enriched probiotic dahi NCDC074 and 

NCDC610 was inoculated into milk in combinations (1:1) at 2 % (v/v) and incubated at 

37°C for 4.30 h.

Procurement of animals, experimental design for zinc deficiency and feeding schedule

The animal experimental protocol used in this study was approved by the Institutional 

Animal Ethics Committee (IAEC) ICAR-NDRI, Karnal (Approval No. IAEC. No.143/16). 

Male Albino Wistar rats, about 5–6 weeks old used in the study were housed in 

polycarbonate cages. The animals were randomly divided into six groups (8 rats in each 

group) and kept in an air-conditioned room at 24±1°C. The basal diets were prepared 

according to AOAC standards (Table 1). The animals were brought to zinc deficiency by 

feeding the zinc-deficient basal diet (removal of zinc-containing salt and providing triple 

distilled drinking water ad libitum for preparation of zinc deficient rats) for 30 days. 

Subsequently, AAS analysis estimate revealed about 95% reduction of zinc content in stool 

and sera of treated rats in comparison with untreated control rats. Once zinc deficiency was 

established, they were given different diets as per the diet plan provided in Table 2. All the 

treatment groups including controls i.e. Positive controls i.e [positive controli.e [positive 

control (Basal diet-BD, Milk, Dahi, Zinc Enriched Dahi-ZED, Zinc Enriched Probiotic 

Dahi-ZEP) and negative control (Zinc Sulfate)] after treatment animals were sacrificed using 

high concentration of diethyl ether in close chamber and samples were collected for AAS 

analysis.

Collection of samples and analysis of parameters

The body weight and feed intake were monitored weekly during the experimental period. 

Individual rats from different groups were weighed by electronic weighing machine. Blood, 

liver, femur bone, hair and faeces were collected separately from all six groups. Blood was 

collected in vacutainer tubes by terminal cardiac puncture and serum was removed carefully. 

Liver tissues were collected, washed in PBS (pH 7.5) instantly snap frozen and stored at 
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−80°C. The right femur bones were removed and cleaned with adhering tissue and oven-

dried (110°C for 24h). For zinc analysis by AAS, initially, samples were dry-ashed at 450°C 

for 24h in a Muffle furnace. The ash residues gently heated with 5 ml concentrated sulphuric 

acid, perchloric acid and nitric acid (0.5:1.0:4.0) and evaporated to dryness before a second 

ashing is performed at 450°C for 4h. The resulting white residue was dissolved in 1M-HCl 

and diluted in 100 ml ion-free water. The samples were filtered through a Whatman filter 

paper No. 42. The Hair samples (≈0.5 g) were cut from the hoods of the rats with the help of 

scissors, placed in a centrifuge-tube and washed with 15 ml sodium lauryl sulphate (20 g/L). 

Hairs were left for 2 h with intermittent mixing. After centrifugation, the hairs were washed 

six times with ion-free water. After oven-drying (110°C for 24 h), samples were wetashed in 

concentrated sulphuric acid, perchloric acid and nitric acid (0.5:1.0:4.0). Fresh fecal samples 

were collected in the Petri plates. The percent zinc was calculated with the amount of zinc 

fed with the total amount of zinc excreted in the faeces. The zinc level in femur, liver and 

faeces were determined according to the method of Lazarte et al., 2015 & Davies et al., 
1975. Hair samples were analyzed for zinc content by the method of (Davies et al., 1979) 

and serum zinc level was estimated by the direct dilution method (Hackley et al., 1968). 

Zinc content in all the samples was analyzed by AAS.

Statistical analysis

Body weight and diet intake data were analyzed by twoway ANOVA followed by Bonferroni 

Post-Tests to compare within replicates of different groups. Non-Parametric one-way 

ANOVA with Friedman test followed by Dunn’s post-test was used for the data obtained 

from zinc enrichment experiment to compare all pairs of groups using 95% confidence 

intervals. All the calculations were performed in Prism Graph Pad (Prism version 7.01).

RESULTS AND DISCUSSION

Organic zinc enriched biomass and bacterial lysate containing dahi

Previously, we have observed that among the Lactobacillus species, L. fermentum SR4 

accumulate inorganic zinc on the cell surface (Fig. 1), internalize and biotransform it into 

organic zinc. In order to carry out in vivo bioavailability experiment in rats, a total of 110 g 

of zinc-enriched L. fermentum SR4 biomass (Table 3) was produced by the fermentation 

process, which contained 1690 ppm/g of organic zinc. The binding of zinc and its 

subsequent biotransformation capabilities varies among the strains and in Lactobacillus 
species it ranges from 11–135 μmol/g (Leonardi et al., 2013). It was shown that the 

Leuconostoc mesenteroides could bind 27.10 mg of zinc in aqueous solution (pH 5.0) at 

32°C after 24h (Mrvcic et al., 2009). Also, previously selenium/zinc enriched probiotics 

biomass was prepared which contained total organic selenium and zinc in the concentration 

of 173.35 μg/g and 4.38 mg/g respectively (Ren et al., 2011). The lysis of bacterial cell (Fig. 

2) is essential step to release biotransformed organic zinc, which may facilitate its easy 

distribution into the product and increases the bioavailability of zinc.

Table 4 represents the microbiological and technological properties of zinc-enriched dahi 

made by singly or combinations of NCDC 074 and NCDC 610. The identified pH of the 

dahi and probiotic dahi ranges between 4.02 to 4.89 while titratable acidity from 0.69 to 
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0.89% LA. Depending on the lactic cultures used, a good quality dahi exhibits pH of 4.0 to 

4.9 and titratable acidity of 0.65–1.0% LA (Behare et al., 2013). The lactic count of different 

dahi found to be in the range of 7.02 to 9.77 log cfu/ml. Addition of organic zinc in the milk 

did not affect pH, acidity and lactic count of dahi. As per our knowledge, there is no report 

available indicating the use of bacterial transformed organic zinc in dahi.

Effect of zinc-enriched bacterial lysate containing dahi on rat

a) Body weight and diet intake—The body weight of rats fed with basal diet was 

unchanged while significant decrease (p<0.001) was observed in rats fed with zinc sulphate 

from first to the third week. In case of rats fed with dahi, ZED and ZEP, the body weight was 

significantly increased (p<0.001) (Fig. 3A), while the increase in body weight was highest in 

ZEP group. Addition of bacterial transformed organic zinc increased body weight in the rats. 

Our results are in agreement with previous report i.e, increase in body weight gain in the rats 

fed with bacterial chelated zinc (El-Husseiny et al., 2012). For optimum growth of rats, 12–

15 ppm of zinc was sufficient and dietary zinc level (3 and 15 ppm) affects body weight in 

rats (Nagalakshmi et al., 2012). Rats fed with inorganic zinc showed decline in feed intake 

over the period. On the other hand, the feed intake was gradually increased statically 

(p<0.001) for dahi, ZED and ZEP groups during three weeks (Fig. 3B). The increased zinc 

absorption in the body may be due to the interaction of the metal ion with proteins or amino 

acids in the body (Scott et al., 1963). Organic minerals facilitate peptide or amino acid 

uptake pathway which provides more zinc to target tissue. Milk and milk products contain 

some amount of zinc and further fermentation of such products helps in easy absorption of 

zinc in the body. We observed that the body weight or rats fed with milk and dahi was also 

increased. Further, research is required on the interaction of milk constituents particularly 

proteins/peptides or carbohydrate with organic zinc, which might influence body weight 

provided with similar amounts of diet.

b) Zinc in serum—Serum zinc level was increased for the rats fed with organic zinc 

enriched dahi, with highest concentrations of zinc was present in ZED (Fig. 4A) which did 

not differ significantly with ZEP group. The inorganic zinc fed to the rats was less 

bioavailable than organic zinc compared to ZED and ZEP groups. Our results are in 

agreement with previous reports which indicate that the bioavailability of chelated zinc in 

serum was between 160 and 250% times to that of inorganic zinc sulphate (Richards et al., 
2015). Previously, report showed that supplementation of zinc in the organic form 

significantly (p<0.001) increased the serum zinc concentrations in animals compared with 

the inorganic form (Yenice et al., 2015). Oral administration of bound zinc of fungal strain 

Fusarium oxysporum LZ-1108 to rats at a dose of 10 mg zinc/kg body weight was more 

bioavailable than zinc gluconate in plasma and blood (Zhang et al., 2014). Probiotic yoghurt 

fed to rats shown 51–76% higher zinc apparent absorption in serum. Zinc supplementation 

(30 mg/day for 8 weeks) significantly reduced serum levels of inflammatory markers such as 

histidine-CRP and IL-6 in obese women (Ibrahim et al., 2006).

c) Zinc in liver—Zinc content in the liver of rats fed with milk and different dahi types 

was significantly higher than basal diet and zinc sulphate groups (Fig. 4B). Highest zinc 

content was observed in the ZED group which did not differ significantly with ZEP. An 
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increase in the content of the zinc in the liver implies more accumulation of organic zinc. 

Fermentation of milk leads to the production of various peptides/products that facilitate 

absorption of zinc and implicated the more biosorption of zinc in ZEP and ZED groups. 

ZnO Nanoparticles and organic forms showed a greater zinc retention as compared to the 

other mineral sources (Liao et al., 2010). This may be due to the better performance of 

nanoparticles attributed to their size, larger surface area, and increased mucosal permeability 

that results in better improved intestinal absorption and tissue depositions. Zinc 

concentration in liver was highest in organic zinc and Nano zinc (93.63 ± 2.06 ppm), while 

lowest zinc concentration was found to be present in the basal diet group (55.49 ± 3.33 ppm) 

(Sahoo et al., 2014).

d) Zinc in femur bone—The zinc content in ZED was significantly (p<0.01) higher 

compared to other groups. However, no significant difference was observed in ZED and ZEP 

group. Lower femur zinc level was observed in the rats fed with basal diet followed by zinc 

sulphate (Fig. 4C). The result shows that in case of femur bone the inorganic zinc was less 

bioavailable than ZED/ZEP group. Zinc is predominant mineral in bone metabolism and its 

level in the femur is a good indicator of zinc bioavailability in rats. Sufficient amount of zinc 

is required for bone growth, development, and mineralization (Bao et al., 2010). The zinc 

concentration in tibia bone of chicks was highest in organic zinc (135.38 ± 3.18 ppm) and 

lowest in the basal diet group (80.15 ± 1.55 ppm) (Sahoo et al., 2014). In agreement with 

other study (Star et al., 2012), we found bacterial transformed organic zinc had more 

bioavailability as compared to zinc sulphate.

e) Zinc in hair—The highest hair zinc levels were found in bacterial zinc fed with ZED 

group. No significant difference was observed among ZED and ZEP groups. The lowest zinc 

concentration was seen in the rats fed with basal diet followed by a diet containing zinc 

sulphate. The inorganic zinc fed to the rats was less bioavailable compared to the rats fed 

with dahi and ZED/ZEP groups (Fig. 4D). The acute zinc deficiency increases the rate of 

hair loss in experimental animals as well as in humans too. This may be due to a lack of 

growth at the hair follicle. Addition of zinc to the diet of Texel sheep increases the wool zinc 

level significantly (Ryan et al., 2002). It was also previously determined that addition of 

chelated zinc with amino acids to the diet enables longer hair growth in dogs and calves 

respectively in comparison to zinc oxide (Lowe et al., 1994).

f) Zinc in faeces—Significantly higher (p<0.001) amount of zinc was found in the 

faeces of rats fed with ZS group (Fig. 4E) and lower in the ZED and ZEP group. These 

results are in accordance with the previous reports, that the supplementation of trace 

elements in the organic form reduced the excretion of its concentration in faeces compared 

with the inorganic source (Yenice et al., 2015). The inorganic zinc fed to the rats was less 

bioavailable as more of the zinc is excreted in the form of faeces whereas the bacterial 

transformed zinc fed to the rats showed more bioavailability.

CONCLUSION

The study provides a new perspective on the specific use of Lactobacillus fermentum SR4 

for biotransformation of inorganic zinc. Bacterial transformed zinc enriched dahi and 
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probiotic dahi was more bioavailable in rats as compared to inorganic zinc sulphate. 

Biotransformed organic zinc coupled with fortification strategy may be used to overcome 

zinc deficiency in the target population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Zinc absorption by L. fermentum SR4 after ZnSO4 treatment.
A) Lactobacillus fermentum SR4 without ZnSO4 B) Lactobacillus fermentum SR4 with 

ZnSO4 observation made by SEM (10,000×)
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FIGURE 2. Ultra-sonication of L. fermentum SR4 biomass.
A) Morphology of intact bacterial cell before cell lysis; B) Image displaying the complete 

lysis of cell after sonication.
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FIGURE 3. Determination of changes in body weight and dietary intake in Wistar rats.
A) Box and Whisker plot showing the changes in the body weight of rats fed with different 

diets B) Changes in the dietary intake of rats. All the readings were recorded after 1 week of 

the interval, starting from the day zero which is when treatment initiated after Zinc 

deficiency. Center lines show the medians; box limits indicate the 25th and 75th percentiles; 

whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, n = 8 

animals/group, all reading was taken in triplicates. *p< 0.05, **p<0.01 ***p<0.001.
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FIGURE 4. Estimation of Zinc concentration in different body fluid/organs/parts in Wistar rats.
A. Serum; B. Liver; C. Femur bone; D. Hair; E. Feces. Box and Whisker plots showing the 

bioavailability of zinc in different body part after three weeks of treatment with six different 

diets. All the readings were recorded after 3 weeks of 6 different diet treatments after Zinc 

deficiency. Center lines show the medians; ‘+’ sign shows the mean value; box limits 

indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from 

the 25th and 75th percentiles, n = 24 where 8 animals/group, and all reading were taken in 

triplicates. *p< 0.05, **p<0.01 ***p<0.001.
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TABLE 3.

Lactobacillus fermentum SR4 biomass and zinc content.

Trials Biomass obtained (g) Zinc content (mg/g)

1 36.5 1.69

2 36.4 1.69

3 37.1 1.69

Total 110 1.69
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