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Nutritionists are well informed of the critical role trace minerals play 

in maintaining animal immune function, oxidative, nutrition and 

energy metabolism, reproductive function and overall performance. 

Traditionally mineral sources in sulphate, oxide and carbonate forms 

were supplemented to diets due to these minerals being relatively 

inexpensive. As research revealed their limited bio-availability 

and added risk of heavy metal contamination, other mineral 

supplements of higher availability commonly referred to as organic 

minerals, entered the market and inorganic sources were partially 

replaced. 

M
ineral suppliers bombard 

nutritionists with infor-

mation on trace mineral 

supplements all promis-

ing great returns. With 

the myriad of information available with re-

gards to chemical structure, bio-availability 

and animal performance data, selecting the 

most effective supplement is challenging. 

Trace minerals make up a small propor-

tion of the diet, however, these additives 

contribute significantly to animal perfor-

mance and hence producer productivity. 

How does the nutritionist select the most 

efficient mineral?

Mineral absorption in the animal

Mineral utilisation in the animal begins 

with their absorption from the feed, which 

contains minerals as part of salts differing 

in solubility or minerals complexed with 

different sources and sizes of ligands. 

Organic minerals have been defined by 

AAFCO (Table 1) and are often referred to 

as chelated minerals. The word “chelate” is 

derived from the Greek word “chele”, which 

means tweezers or claw. 

A chelate is the result of electron sharing 

between a ligand and a metal, and forms a 

ring structure with two or more bonds. A 

ligand is an organic compound (molecule 

or anion which has an atom or pair of 

electrons with available valences like an 

amino acid) which is released into the gut, 

binds with a free metal ion in a 1:1 ratio and 

transports it across the intestinal wall. 

Common ligands contain oxygen, 

sulphur, nitrogen, halogen or a combination 

of these in their electronic structure. 

Chelated minerals are organic as it contains 

non-metal ligands. Only polydent ligands 

(ligands containing two or more donor 

atoms) can form chelates as they can bind a 

metal within their electronic dents or claws, 

hence the word “chelate”. 

Di- or trivalent metals are well suited 

to form coordinated bonds which are 

characteristic of chelates. A coordinated 

bond (also known as a complex bond) 

consists of a metal and a ligand aligned 

so that the available electrons from the 

donor atoms are very close to the metal’s 

electrons. Mineral chelation is important in 

most biological systems and most enzymes 

require a chelated mineral in their structure 

to become effective.  

Only single amino acids, dipeptides and 

some tripeptides are absorbed across the 

gut wall and the size of a high proportion 

of the absorbed protein fragments is 

estimated to be less than 300 Daltons 

(1). Work done by Kirchgessner (2) clearly 

demonstrates that using a single amino 

acid monomer as a ligand has an advantage 

over amino acid dimers and polymers and 

also inorganic mineral sources in increasing 

liver copper content. A smaller ligand 

assists with passive diffusion only and 

active transport depends on recognition in 

the active site.

Mineral absorption requires 

solubilisation of the original mineral 

source in the intestinal lumen. Ionised 

metals are then transported through the 

cell membrane using protein carriers. 

This is a pH-dependent process with the 

acidic environment in the proventriculus 

improving solubility and the neutral/

alkaline pH of the small intestine (SI) 

reducing it (3). Mineral absorption depends 

on the capacity of the elements to bind to 

transport proteins inside the enterocyte 

membrane. 

Bound minerals are transported into the 

cell cytoplasm through passive diffusion 

or active transport. Although mineral 

absorption can occur in any region of the 

intestine, metals are usually absorbed 

in the duodenum, provided ions are still 

soluble after gastric treatment (3). Mineral 

absorption rates vary with the chemical 

source, therefore there is no one absorption 
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rate fitting all metals. Chemical reactions 

between the specific dietary metal and 

other nutrients also affect its absorption 

rate. Minerals use protein carriers for 

transport into the intestinal lumen and 

there is competition for ligands at the 

absorption site, since other nutrients in the 

diet use similar transporters.

Upon ingesting a mineral, depending on 

its solubility at different pH levels and the 

ligand’s stability constant (indicating ease 

of dissociation from the mineral), it might 

either dissociate into the metal and ligand 

and arrive at the absorption site unbound, 

or stay intact through varying physiological 

pH levels in the gastro intestinal tract (GIT). 

At the absorption site the unbound mineral 

can either bind to a ligand such as an amino 

acid and be transported into the intestinal 

lumen, where it is available to the animal or 

it is excreted in the faeces undigested. 

A bound or complexed mineral can either 

be directly transported across the gut wall, 

provided its ligand is small enough (mono-,  

di- and tripeptides), or if the ligand is too 

large it has to be digested and then find a 

ligand to facilitate absorption. A mineral 

thus follows one of three routes where it 

either binds to a suitable ligand to facilitate 

absorption, is precipitated by antagonistic 

nutrients or is excreted unbound. 

More than one pathway for absorption 

exists and minerals do not have to be 

complexed to gain entry into the enterocyte. 

Gunshin (4) established the protein, Divalent 

Metal Transporter 1 (DMT1), to have specificity 

for divalent metals, including Fe, Zn, Cu, 

Mn and Co. The DMT1 system is a proton 

coupled metal-ion transporter facilitating 

movement of both H+ and divalent cations.  

Transport via this system was found to be 

pH-dependent with increased movement at 

pH 5,5 compared to pH 7,5. 

Hansen (5) demonstrated the presence 

of two proteins DMT1 and Fe Exporter 

ferroportin (FPN) in the duodenum of 

growing beef cattle, which both play 

a role in modulation of Fe absorption. 

Hansen (6) demonstrated high dietary Fe 

to reduce transporters involved in Fe and 

Mn metabolism in calves. Ruminant diets 

are often high in Fe, which could reduce 

the metabolism of other minerals due to 

limited availability of transport proteins.

Interference with mineral absorbtion

The dietary level of antagonists such 

as phosphorus, calcium, fibre, phytate, 

Table 1: AAFCOa definitions

a Association of American Feed Control Officials.

Metal (specific amino acid) 

complex

Product resulting from complexing a soluble metal salt 

with a specific amino acid.

Metal amino acid complex Product resulting from complexing a soluble metal salt 

with amino acids (non-specific).

Metal amino acid chelate Product resulting from the reaction of a metal ion from a 

soluble metal with amino acids, with a mole ratio of one 

mole of metal to one to three (preferably two) moles 

of amino acids to form coordinate covalent bonds. The 

total molecular weight of the hydrolysed chelate must 

not exceed 800 Daltons.

Metal proteinate The product resulting from the chelation of a soluble 

salt with amino acids and/or partially hydrolysed pro-

tein.

Metal polysaccharide complex The product resulting from complexing of a soluble salt 

with a polysaccharide solution declared as an ingredi-

ent as the specific metal complex.

Metal propionate The product resulting from forming a soluble metal salt 

with propionic acid.

Metal MHA Metal methionine hydroxy analogue chelate.

mycotoxins, iron, copper, molybdenum, 

sulphur and clay affects mineral absorption 

efficiency. For example, copper absorption 

is decreased as forage sulphur and 

molybdenum levels increase (7). 

Solubilised metals can form insoluble 

precipitates through competition with 

organic and inorganic ligands such as 

phytic acid and phosphates, which can 

both reduce or inhibit mineral availability 

(8, 9). Phytate reduces zinc uptake (10), and 

calcium impairs copper and zinc absorption 

(11, 12). Phytase supplementation improves 

trace mineral availability in monogastric 

animals, but this action can be limited by 

the dietary calcium level (13). 

Metal amino acids and chelates are 

chemically inert due to covalent and 

ionic bonds between the mineral and the 

ligand, and are therefore not affected by 

precipitation as this only affects minerals 

ionised after salt solubilisation. Due to their 

small size and stability, most amino acid 

chelated minerals are transported through 

the GIT unaltered and are completely 

absorbed without breaking down the 

amino acid component. After absorption 

separation of the metal from the amino 

acid is expected only when the final 

physiological site is reached (3). 

Competition for carriers is a major 

interference when metals are transferred 

from the lumen into the enterocyte (14). 

Carriers (small proteins) can chelate free 

cations present in the intestinal solution. 

The physical and chemical competition 

between cations involves micro and macro 

minerals (15). For example, the competition 

between iron and copper which share at 

least two membrane proteins, transferrin 

and metallothionein. 

Excessive copper bound to these 

proteins causes iron deficiency (16). 

Heavy metals can inhibit the enzymatic 

synthesis of carrier proteins such as the 

porphyrin fraction of haemoglobin, 

inducing anaemia (17). The replacement 

of one metal by another in metalloenzyme 

molecules modifies their efficiency (3). After 

absorption by the enterocyte, some metals 

return to the intestinal lumen by excretion 

or mucosal sloughing and resume the 

competition for carrier proteins. 
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Another result of interference in mineral 

uptake is the reduced uptake of one specific 

metal impacting a cascade of reactions 

involved in uptake of other minerals. The 

balance of each specific mineral in the body 

and diet can directly affect the absorption 

of that particular mineral (18). For example, 

differences in zinc bio-availability may 

only become evident once its level in the 

diet becomes limiting (19). The previous 

nutritional status of zinc influences the 

genetic transcription of metallothionein 

(20). Zinc transport through the enterocyte 

normally depends on a carrier associated 

with it and the transport rate is increased 

under zinc depletion conditions (21). 

Requirements for an effective trace 

mineral

There is no sense to supplementing an 

expensive organic or complexed mineral 

that is not absorbed as such, but merely 

functions as an inorganic mineral once 

it reaches the absorption site in the SI. 

The ideal mineral ligand complex 

should be:

•	 Water soluble (for solubilisation in 

intestinal lumen).

•	 Stable at the physiological pH range 2 

to 7,4 (to prevent dissociation before 

reaching the absorption site).

•	 Stable in the presence of chelating 

agents.  

•	 Absorbed from the GIT as a complex. 

•	 Result in improved availability of 

both mineral and ligand, which 

will culminate in improved animal 

performance.

Inorganic mineral sources

Sources of inorganic minerals such as 

oxides, sulphates and carbonates are 

relatively inexpensive per unit mineral, 

but differ in solubility and are affected by 

Table 2: Bio-availability of inorganic manganese (based on bone tissue manganese 

concentration).

Source: Black (25)

Source Solubility Bio-availability

Manganese sulphate 99,8% in water. 100,1%

Manganese oxide Insoluble in water, soluble in acid. 65,7%

Manganese carbonate Insoluble in water, soluble in hydro-

chloric acid.

38,3%

the level of antagonists present in the diet 

as well as the availability of ligands at the 

absorption site to facilitate transport over 

the intestinal wall. Sulphates have a higher 

solubility compared to oxides in the GIT 

(Table 2) and thus also a higher RBV (relative 

bio-availability). 

The high solubility of, for example, 

copper sulphate causes the copper ions 

to be highly reactive as a pro-oxidant. This 

speeds up degradation of vitamins and 

fats in animal feed in addition to forming 

harmful free radicals and peroxides and 

reducing palatability of the feed (22, 23, 

24). Reactivity of some inorganic minerals 

is thus a concern in relation to vitamin and 

other nutrient stability in feed. 

Recently a different form of inorganic 

mineral was introduced, including among 

others copper chloride tri-hydroxide: 

Cu
2
 (OH)

3
 Cl and zinc chloride hydroxide 

monohydrate: Zn5Cl
2
 (OH)

8
 (H2O). 

Hydroxide minerals are in crystalline form, 

have covalent bonds with hydroxyl groups 

and are metabolised in a similar way to 

inorganic sources such as copper sulphate. 

The covalent bonds make these minerals 

insoluble at a neutral pH level and cause 

it to partially dissociate in a more acidic 

environment, hence a reduced impact on 

phytase hydrolysis of phytate (26).  

Once hydroxide minerals dissociate in 

the abomasum of the ruminant or stomach 

of the monogastric animal, it is susceptible 

to the same antagonists as other inorganic 

sources. The hydroxyl mineral also competes 

to find a ligand to facilitate absorption 

across the lumen wall. Copper chloride 

tri-hydroxide, due to its non-hygroscopic 

and non-pro-oxidative characteristics, 

was proven to be more stable in animal 

feed with regards to vitamin E stability as 

opposed to copper sulphate (23). 

Pang and Applegate (27) demonstrated 

the effect of increasing copper levels in the 

diet on phytase hydrolysis. Copper chloride 

tri-hydroxide and a source of copper lysine 

did not affect hydrolysis of phytate as 

opposed to copper sulphate, which, due to 

its high solubility and hence reactivity (the 

formation of insoluble phytate complexes), 

significantly impacted phytate hydrolysis. 

Tribasic copper chloride was shown to 

be more bio-available (based on plasma 

copper, plasma ceruloplasmin and liver 

copper) than copper sulphate in a diet 

containing copper antagonists (28). 

In a study conducted at Cornell University 

(29), cows 21 days pre-calving until 84 

days post-partum were supplemented 

with similar levels of Zn, Mn and Cu from 

either an inorganic source (sulphate 

form), a blend (75:25) of sulphates and 

chelated sources, or a hydroxy trace mineral 

source. There were no overall effects of 

treatment on dry matter intake, milk yield 

or milk composition. However, there was an 

interaction between week and treatment 

with the hydroxide mineral treatment cows 

increasing milk yield faster than the other 

two treatments. The experiment was limited 

by the small number of animals used, the 

short supplementation period and the low 

levels of antagonistic Fe and S in the ration. 

Inorganic minerals (oxides, sulphates 

and hydroxides) all bare the risk of heavy 

metal, dioxin and pcb (polychlorinated 

biphenyls) contamination as these can be 

derived from residues in the steel industry 

or even printed circuit boards. The risk of 

feed contamination and cost associated 

with monitoring contaminants should 

be considered when evaluating mineral 

sources. 

Increasing dietary levels of inorganic 

minerals to counteract the excretion of 

the undigested mineral component, is not 

feasible due to space restriction in the diet, 

excessive excretion of minerals contributing 

to environmental pollution as well as the 
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risk of creating an unbalanced mineral 

environment with even more antagonistic 

interactions in which mineral absorption 

and animal response cannot be predicted. 

Trace minerals are cost-effectively included 

in diets by using inorganic sources as 

the base and then supplementing with 

organic sources to ensure adequate mineral 

absorption.

Chelated and complexed minerals

As described in Table 1, there are numerous 

organic mineral sources available with differ-

ent ligands attached. Complexed minerals 

are deemed to be more bio-available than 

inorganic sources. Lauzon (30) found cop-

per amino acid complex to have a higher 

RBV compared to both tribasic copper chlo-

ride and a Cu salt of 2-hydroxy-4-methylthio 

butanoic acid (Figure 1), and Wedekind (12) 

demonstrated a higher RBV for both zinc 

methionine to ZnO and ZnSO
4
.  

Not all organic complexes perform 

similarly due to differences in the binding 

process, and the type and size of ligand 

attached to the mineral. Research is, however, 

conclusive on the superior performance 

achieved with supplementing organic 

minerals in addition to or as a replacement 

for inorganic sources. Downs (31) reported 

a combination of zinc amino acid complex 

and vitamin E to significantly reduce the 

incidence of cellulites in broilers. 

Hudson (32) reported enhanced immune 

status of caged broiler breeder hens when 

fed a zinc (specific amino acid) complex 

compared to the treatment of iso levels zinc 

from ZnSO
4
. Supplementing a combination 

of ZnSO
4
 and the Zn amino acid complex 

resulted in superior reproductive 

performance. Virden (33) established 

improved progeny liveability when feeding 

broiler breeders supplemental sources of 

Zn and Mn in complexed form containing a 

single amino acid. 

In a review of eight studies by Kellogg 

(34), cows receiving a combination of specific 

Zn, Mn and Cu amino acid complexes and 

cobalt glucoheptonate had increased milk 

production, increased milk fat and protein 

content, and days to service were reduced 

from 81 to 74 days. Nockels (35) established 

improved Cu retention from a Cu lysine 

complex than CuSO
4
 in Charolais steers 

under conditions of stress.

Figure 1: RBV of different sources of 

copper.

aCopper concentration in the liver used – Lauzon (30)  

by the equation: K=[ML] / [M][L] with K 

being the stability constant of the metal 

complex expressed as a logarithm, M = 

the concentration of free metal ion and L = 

the concentration of free ligand, and [ML] 

= the concentration of metal and ligand 

bound together.

The equation for total concentration 

of a metal is calculated as CM= [M] + [ML] 

with ML=K[M][L] and becomes CM=[M] 

(1+K[L]), hence [M]=CM/(1+K[L]) showing 

the concentration of the mineral depends 

on the stability constant of the complex 

and free concentration of the ligand which 

depend upon corresponding pKa and pH 

values. Most ligands have stability constants 

determined for each metal (Table 5). 

Stability constants

Stability constants below 1 means the 

metal complex readily dissociates into the 

metal ionic form and ligand, yielding all 

metal in ionic form at pH levels varying 

from 2 to 3 (typical stomach pH levels) up 

to physiological pH 7,4. Stability constants 

between 1 and 3 are substantially ionised 

at pH 1 to 3. Stability constants between 

4 and 6 will likely have a slight amount 

of dissociation in stomach acid. Stability 

constants above 10 renders the metal-

ligand complex useless for absorption as it 

will not dissociate at any pH level. 

When zinc, for example, is bound to 

an amino acid, ligand stability constants 

generally varies between 4,4 to 9,8 and 

when the amino group is changed to a 

hydroxy group, the stability constant falls to 

1,1 (37),  making the complex unstable as it 

dissociates into the mineral and ligand.

Table 3: Impact of copper supplementation from 

different sources on liver copper content.

Source Cu in liver 

(mg/kg)

Relative bio- 

availability

Control 14,1 29,70%

Copper carbon-

ate

27,7 58,30%

Copper sulphate 47,5 100%

Proteinate A 49,1 103,30%

Proteinate B 44,6 93,90%

Source: Ward (36)

Indicators of trace mineral efficiency 

Solubility

Ward (36) conducted a study in cattle to 

determine the solubility of different copper 

sources in water and acid media (Table 3 

and 4). Supplementation with CuCO
3
 or 

a Cu proteinate A maintained plasma Cu 

concentrations as opposed to declining 

plasma Cu levels for heifers on the control 

and CuSO
4
 treatment. The decrease 

in liver Cu content was less for heifers 

supplemented with proteinate A compared 

to other Cu sources. 

In the presence of high Mo levels, Cu 

proteinate A appeared to have a greater 

bio-availability than CuS0
4
.  Copper 

carbonate increased or maintained plasma 

Cu concentrations, but was not 

stored in the liver efficiently. 

From this data it is clear that 

not all proteinates or organic 

minerals have the same effect 

in terms of trace element 

delivery and that solubility 

cannot adequately explain the 

differences in bio-availability of 

mineral sources.

Stability constants are used 

by biochemists to determine 

the properties of metal-ligand 

reactions in water and biological 

systems. The stability constant 

of a metal complex is calculated 
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Bio-availability

Bio-availability is a measurement of the 

absorption and metabolic value of a min-

eral. Improved RBV means that more of 

the mineral is available and absorbed by 

the animal (38). Using bio-availability as 

a tool to distinguish between different 

sources of minerals does not accurately 

predict the performance effect the min-

eral elicits in the animal. 

Bio-availability cannot be compared 

across species due to differences in 

the anatomy of the GIT, nor can it be 

compared across studies as mineral 

comparisons are only valid within the 

same study. The outcome of a bio-

availability study is affected by a number 

of factors such as the level of mineral 

supplementation, the current mineral 

status (a depleted animal has a higher 

mineral efficiency), tissue sampled (bone 

vs plasma or liver vs growth), age and 

physiological status of the animal, species 

used, data measured (response measured 

over time as opposed to comparing an 

end-result with a starting value), disease 

and stress level (compromised animals 

excrete more minerals such as copper, 

causing an elevated level in the blood or 

liver), level of antagonists in the diet and 

different methods of analysing minerals.

Trace mineral bio-availability 

depends on a number of factors such 

as performance stage, trace element 

status, form of the chemical bonds, trace 

element dosage and antagonists which 

inhibit absorption (39). Bio-availability is 

a useful tool for nutritionists, but it is not 

a great predictor of performance.

Metallothionein as an indication of 

bio-availability

Elevated intracellular levels of metal ions 

lead to production of metallothionein 

as a means of sequestering trace miner-

als to prevent toxicity. Intestinal metal-

lothionein mRNA levels increase when 

levels of dietary minerals such as zinc 

increase (40). Intestinal metallothionein 

is non-specific and binds different trace 

minerals. Metallothionein bound zinc, for 

example, accumulates when animals are 

exposed to excess zinc and are depleted 

under conditions of zinc deficiency (41). 

Increased metallothionein in epithelial 

tissue does not mean that the mineral 

has been absorbed. A mineral bound to 

metallothionein in the epithelial mucosa 

has not entered the portal blood system 

and by definition is not available for 

absorption. Trace minerals bound to 

metallothionein in sloughed off epithelial 

cells are simply excreted in the faeces. 

Metallothionein gene expression should 

thus not be deemed a marker for zinc 

bio-availability, neither for determining 

efficacy of different mineral sources.

Conclusion
It is thus clear that in order to facilitate 

mineral absorption into the intestinal lu-

men, the mineral must arrive at the ab-

sorption site already bound to a ligand 

of the correct type, size and stability con-

stant. There are many sources of organic 

minerals available, but due to differences 

in their chemical structure, choice of li-

gand, bio-availability and stability con-

stants they all perform differently.

The only true, infallible measurement 

of trace mineral efficacy is animal 

performance, hence nutritionists should 

rely on research results as published 

in peer reviewed papers. Research 

results should not be extrapolated 

across species due to differences in 

GIT anatomy, performance effects 

should be repeatable cycle after cycle 

and reproducible in follow-up trials. 

Only after consulting the animal with 

regards to mineral performance, can 

the producer rest assured of a return on 

investment when using an organic trace 

mineral supplement. 

For a complete list of references, please 

refer to the AFMA Communicator’s 

Resources section under “References”.

Table 5: Stability constants of 
mineral ligands.

Source: CRC Handbook of Food Additives (37)

Ligands Stability Con-

stants for Zn 

(Log K1)

Glycine 5,16

Methionine 4,4

Valine 5

Glycolic acid 1,9

Lactic acid 1,8

Hydroxy butyric 

acid

1,1

EDTA 16,5

Propionic acid 1

Source: Ward (36)

Table 4: Solubility of copper in acid and water.

Source Water Acid

Copper carbonate 0,70% 69,00%

Copper sulphate 99,10% 97,40%

Proteinate A 9,50% 74,60%

Proteinate B 75,40% 99,50%


