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ABSTRACT: This review provides an overview on the balance between the production of reactive oxygen 

species and their removal by antioxidants in living organism in the last few years. The core of the review will discuss 

the formation of ROS and how it strongly relates to the contribution of redox metals. The impact of oxidative stress 

on cells and how they respond to stress conditions and current biomarkers of exercise-induced oxidative stress will be 

reviewed in more details. The current review will also briefly discuss the limitations of analytical techniques used for 

determination of biological elements as reliable oxidative stress markers. 
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1. Introduction and historical overview on 

oxidative stress 

The aim of this review is to review the 

basic concepts of free radicals that possess 

one or more unpaired electrons in relation to 

their formation in living organism along with 

its control measures and future areas of 

research.  Most of free radicals are oxidants 

and they are scavenged by antioxidants 

compounds including vitamins and enzymes 
[1, 2]. The formation of free radicals in vivo is 

associated with the consumption of oxygen 

molecule [3, 4]. Reactive oxygen species such 

as singlet oxygen, superoxide and hydroxyl 

radicals are produced by routine cellular 

metabolism. However, their generation is 

increased by certain conditions of physical 

and psychological stress like exercise leading 

to intracellular oxidative stress. In fact, 

oxidative stress is imbalance between oxidant 

and antioxidant levels in living systems [5, 6]. 

Human cells are protected from excess 

production of ROS by the body’s antioxidant 

system. This defense system consists of 

endogenous and exogenous compounds. 

Superoxide dismutase and glutathione 

peroxidase are two examples of endogenous 

enzymatic antioxidants. The exogenous 

defense compounds are primarily ingested 

from fruit and vegetables [3, 4, 7]. More 

importantly, there is a balance between the 

production level of ROS and their removal by 

antioxidant system. The physiological 

function is positively or negatively affected 

by this important balance and it determines 

the intracellular redox state of living cells [8]. 

Chronic exposure to excessive formation of 

ROS can potentially lead to a shift in the 

intracellular redox balance towards a more 

oxidant state. Consequently, oxidative 

damage of biomolecules, inflammation and 

many chronic diseases are promoted [3, 4, 7, 9]. 

Oxidative stress is associated with 

neurodegenerative diseases [10] like 

Alzheimer’s disease [11-13] and Parkinson 

disease [14], cardiovascular disease [15], 

diabetes [16], cancer [17], chronic respiratory 

diseases [18], and other age-related diseases [7, 

19]. 

Variety of oxidative stressor can cause 

overproduction of free radicals. There are 
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numerous exogenous sources of ROS, for 

example, environmental pollutants, smoking, 

alcohol, radiation, pesticide and physical 

activities [3, 4, 7]. However, an acute state of 

oxidative stress can be generated by any 

situation in which the consumption of 

molecular oxygen is increased such as 

exercise. Moreover, many factors affect the 

formation of free radical during physical 

activity such as intensity, duration, type of 

exercise and the amount of oxygen 

consumed. Different exercise protocols may 

result in variable levels of ROS generation as 

the oxidative stress depends on the duration 

and the intensity of exercise [4, 7]. The 

antioxidant defense system is sufficient to 

scavenge the excessive of ROS production 

during low intensity and duration exercise 
[20]. When the intensity and duration of 

physical activity increase, the oxidative 

damage to surrounding tissues consequently 

is elevated as the defense compounds are no 

longer adequate [4]. The degree of antioxidant 

defenses is also influenced by extra factors 

e.g. age [7, 21], training status and dietary 

ingestion [4, 22, 23].  

 

2. Physical activity and oxidative stress 

Regular exercise plays an essential role in 

human health [24, 25]. It has been well known 

that a regular exercise can lower the 

deleterious influence of the modern life style 

and as a consequence limit the development 

of chronic diseases [25-27]. It was reported that 

a daily moderated exercise seemed to be 

beneficial leading to decrease the damage in 

vitro in skeletal muscles. Indeed, a regular 

and moderate exercise should be practiced as 

it is associated with a lower metabolic rate, a 

higher activity of antioxidant defense system 

and thus higher protection against oxidation 
[28-30]. It is also associated with several 

physiological body adaptations. It is related 

to the elevated level of resistance 

(enhancement of antioxidant compounds) to 

oxidative stress which subsequently leads to 

health benefits and prevents the oxidative 

stress [27, 29, 31, 32]. The formation of ROS 

during exercise is accompanied with 

upregulation of antioxidant enzymatic 

compounds leading to an improvement in 

intracellular status of antioxidant protection 

system of trained athletes [33, 34]. Moreover, 

low to moderate level of oxidants have a 

beneficial role within cells such as the 

regulation of gene expressions and signaling 

pathways [35]. Importantly, to achieve this 

benefit from exercise the appropriate exercise 

in terms of intensity and frequency should be 

determined [29, 36]. 

Intensive or moderate to long exercise is 

associated with oxidative cellular damage as 

it enhances the generation of ROS [24]. ROS 

are mainly generated from many sources 

during exercise such as the mitochondrial 

respiratory chain [29, 33, 37]. During intense 

exercise the oxygen is increasingly 

consumed, where the muscles oxygen 

consumption is increased as much as 100-200 

times than at rest [38-40]. This means that the 

mitochondrial respiration in the active 

muscles is noticeably increased and as a 

consequent this rapid respiration can enhance 

the electron leakage from the electron 

transfer chain leading to an increase in ROS 

formation. During or after exercise in 

working organs or tissues such as muscles, 

production of ROS is increased [38-40] leading 

to a disturbance in the oxidant and 

antioxidant balance [31]. Therefore, the level 

of antioxidant protection system is increased 

such as the increasing level of GPX and SOD 
[27, 28, 41-43]. The response of human organs to 

oxidative stress by chronic or acute exercise 

in vitro is different depending on the type of 

organ and its level of endogenous antioxidant 

system [44, 45]. 

In response to exercise, oxidative stress 

has been reported in numerous studies over 

the past 30 years as the production of reactive 

oxygen species is increased by exercise of 
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sufficient duration and intensity. Such 

formation of free radicals can cause damage 

to macromolecules involving DNA, lipids 

and proteins [5, 6]. This damage has been 

associated with numerous pathogenesis of 

human diseases such as cancer [46], diabetes 
[47], cardiovascular and neurodegenerative 

diseases [48]. Numerous investigations have 

been carried out to assess this phenomenon 

including running [2], cycling [41] swimming 
[49, 50] and ball games like volley ball [27, 51] 

and football [52]. On the other hand,  it has 

been shown that only high intensity or long 

duration exercise can cause a remarkable 

increase in ROS formation which exceeds the 

capacity of antioxidant defense system and 

consequently leads to oxidative stress [53-55]. 

The mechanism of how the exercise causes 

oxidative stress has not been understood [54]. 

But this phenomenon does not occur with a 

low intensity exercise as the defense system 

is capable to prevent the damage by 

scavenging free radicals [29, 41]. 

 

3. Free radical generation mechanism 

Recently, free radicals induced oxidative 

stress has been increasingly studied because 

of their importance and attribution in more 

than 100 physiological pathways involving 

cancer and aging [56, 57]. Free radicals can 

attack and damage all main intracellular 

components due to their extremely reactivity 
[58]. However, cells normally regulate the 

redox state under physiological processes and 

intracellular free radicals exist continuously 

at low levels. Free radicals influence on cells 

harmfully only if the rate of their formation 

exceeds the protection capacity of the 

antioxidant system [7, 59]. Normally, living 

cells generate most energy by consuming 

oxygen in mitochondria. Therefore, 

intercellular mitochondria is the main site of 

endogenous ROS production [28]. Superoxide 

is generated via electron transfer chain from 

oxygen locating at the final position of the 

mitochondrial respiratory chain. Dismutation 

reaction accelerated by SOD scavenged 

superoxide radical as demonstrated in the 

following equations [41, 60-63]: 

 

2 O2
.- + 2 H+  SOD    O2 + H2O2                  (1) 

2 H2O2   
CAT    2 H2O + O2                        (2) 

The dismutation occurs very slowly 

without SOD. At rest, major superoxide 

radical is reduced by Mn-SOD in 

mitochondria and the diffused part to cytosol 

by Cu, Zn-SOD [41]. Hydrogen peroxide 

formed in the above equation is further 

converted to water by catalase or GPX [41, 62, 

64]. GPX is efficient with high level of ROS 
[35]. The formation of deleterious free radicals 

is strongly related to the contribution of free 

active redox metals such as Fe and Cu [61, 63]. 

In fact, these redox metals can participate in 

Fenton reaction producing the extremely 

destructive hydroxyl radical. Equations 

summarize how an active redox metal takes 

part in generation of reactive species can be 

expressed as follows [62, 64, 65]: 

 

Mn+  + H2O2  M(n+1)+  + OH- + .OH 

(Fenton reaction)                                      (3) 

M(n+1)+   + O2
. -                 Mn+ + O2                 (4) 

The balance of Haber-Weiss reaction can be 

expressed by the following equation [62, 64, 65]: 

 

H2O2  +  O2
.-    O2 + OH- + .OH      (5) 

Hydrogen peroxide is also considered 

most suitable for redox signaling due to its 

physiochemical properties. It is functioning 

as a messenger to transmit redox signals from 

the site of its production to a target site. It 

diffuses across cells’ membrane to 

immediately initiate cellular effects such as 

proliferation and recruitment of immune 

cells. It is capable of functioning as a 

fundamental regulatory metabolite 
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depending on its concentration ranges in 

oxidative stress and cellular responses. For 

more details with respect to the metabolic 

sources and sinks of H2O2 as well as its role 

in redox signaling see [66, 67] for recent 

reviews.  

Free radicals can be removed by numerous 

metalloenzymes, for example, catalase, 

glutathione peroxidase and superoxide 

dismutase. In addition, they can be eliminated 

by non-enzymatic antioxidants such as 

metallothionein, uric acid, ascorbic acid and 

glutathione [68, 69]. Antioxidants can accept or 

donate electron to the highly reactive species 

to neutralize them. They function in three 

ways: decrease their energy, prevent their 

formation or stop the oxidation reaction chain 
[70]. The dismutation of superoxide free 

radicals is catalyzed by enzymatic 

antioxidant SOD. SOD is the most essential 

metalloenzymes as it is in the first protection 

line against the oxidative damage to 

macromolecules [71].  Many analytical 

techniques have been developed  [68] because 

of their great significance and increasing 

concern on their deleterious oxidative 

damage. In several applications, separation 

technique specifically coupled with atomic 

spectrometric detector has been involved in 

the speciation analysis where different 

chemical forms of an analyte existing in the 

sample can be measured [72]. 

 

4. Metal (Fe, Cu, Zn and Mn) induced 

free radicals’ production 

A series of transition metals e.g.  Fe, Cu, 

Zn and Mn plays a central role in controlling 

many metabolic and signaling pathways [73]. 

These metal ions affect the normal 

functioning of the cell and can escape from 

controlling and bind to other cell components 

because of their rich coordination capability 

and redox properties [73, 74]. These metal ions 

can bind with proteins and DNA at specific 

sites or displace other existing binding 

elements leading to oxidative damage which 

eventually result in toxicity [74].  Oxidative 

stress is also involved in this toxicity 

oxidative stress is involved.  Metals such as 

Fe and Cu are capable to produce reactive 

species and consequently cause oxidative 

damage in humans as illustrated in Figure 1 
[73, 74]. 

Despite the importance of metals in 

metabolic pathways in living organisms, they 

are highly toxic if they are present in excess 

such as iron [75]. The fact that, in many 

biological processes such as oxygen 

transportation, Fe plays a basal role where 

high level of iron causes chronic diseases like 

cancer [56]. Most diseases are also linked to 

Cu, Fe and Zn as initiated by mutations in the 

genes encoding for proteins that are 

responsible for metal transportation [76]. 

Thus, living cells have developed 

mechanisms to regulate the available amount 

of metals [56]. In metal containing enzymes, 

metals are isolated and protected from other 

surrounding cellular constituents to avoid 

their deleterious effect. Thus, their tight 

binding to proteins can reduce their toxicity. 

Conversely, free metal ions or loosely bound 

to DNA, proteins or lipids are very harmful 
[56]. Many pathways have been developed by 

cells to regulate metal homeostasis but under 

stressed conditions, miss-maintenance can 

increase the level of free redox metals 

associated with oxidative stress as 

demonstrated below [77, 78].
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Figure 1: How oxidative stress phenomenon occurs in human cells and its influences on human health [79]. 
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i. Zinc 

Human body contains about 1.5-2.5 g of 

Zn distributed everywhere within the body 

and 90% of this total amount is contained in 

skeletal muscles and bones. The 

concentration of free intracellular Zn is 0.5 

nM [74]. Zinc is not considered as an active 

redox metal under physiological conditions 

and is an important cofactor for several 

enzymes and proteins [80]. It has a different 

function from others cations as it protects 

intracellular components from the oxidative 

stress. It is able to displace the other redox 

active metals from a particular site where the 

damage occurs to minimize the oxidative 

stress [56]. For example, it has been revealed 

that zinc can inhibit the toxic effect of Cu by 

displacing it from its binding sites [81]. 

Moreover, zinc can protect DNA from iron 

induced damage by competing for iron 

binding sites [56].  

Two mechanisms have been proposed for 

intervention in redox metal induced oxidative 

stress. The first one is called pull mechanism 

which implicates the use of particular metal 

ligands to remove the redox active metals 

from their binding sites. Push mechanism is 

the second mechanism involving pushing out 

the active redox metal from its binding sites 

by another inactive redox metal like zinc [56]. 

The removal redox metal can then be pumped 

out of the cells minimizing its bioavailability 

to contribute in Fenton reaction and produce 

hydroxyl radical [74].  

Significantly, zinc deficiency can lead to 

oxidative stress and subsequently cause 

damage to lipids, proteins and DNA. 

Inadequate Zn intake may associate with 

diseases like cancer as it is required in 

catalytic and structural role within proteins 

and enzymes like Cu-Zn, SOD. The clear 

relation between zinc deficiency and diseases 

is its role as antioxidant. It is believed that 

zinc indirectly acts as antioxidant as does not 

contribute to donation or acceptance of 

electron from oxidants. However, zinc 

involves in indirect mechanisms providing it 

with antioxidant properties [80, 82]. Moreover, 

zinc deficiency minimizes the growth of 

cultured cells [83]. Cultured cells grown in low 

Zn containing media are associated with high 

level of oxidative stress [74].  

In contrast, excess amount of such inactive 

element is linked to Alzheimer disease and 

chronic kidney disease. Furthermore, the 

level of iron and copper are subsequently 

affected [83]. However, the elevated 

intracellular level of Zn must be prevented as 

it is a toxic. Zinc homeostasis is strongly 

regulated to avoid the accumulation of free 

zinc ions in cells. Free zinc ions are pumped 

out the cell into particular storage proteins or 

bound tightly to metallothionein. 

Metallothionein is capable to bind with 5-7g 

of Zinc tightly and under high oxidative 

stress condition Zn is released from this 

metalloprotein [74].  

ii. Copper 

Copper plays an essential role as a 

cofactor in many cellular processes [56], for 

example, respiration, iron metabolism and 

connective tissue formation [74]. Human body 

contains 80 mg of copper. It has a toxic effect 

if it exists in higher level associated with 

diseases. Copper-containing functional 

enzymes require copper such as superoxide 

dismutase and caeruloplasmine. Similarly to 

iron, copper is capable to catalyze the 

production of hydroxyl radical via Haber-

Weiss reaction as the following equations 

show [56]. Cupric ions can be reduced by 

biological molecules such as ascorbic acid or 

GSH forming cuprous ions which can react 

with hydrogen peroxide and produce a 

destructive hydroxyl radical via Fenton 

reaction [60, 74, 81]. 

Cu1+ + H2O2          Cu2+ + OH- + .OH                 

Fenton reaction                                          (6) 

Cu2+ + O2
. -                  Cu1+ + O2                     (7) 
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H2O2 + O2
.-            O2 + OH- + .OH           (8) 

Hydroxyl free radical is a destructive 

species and can attack intracellular DNA and 

cause damage [77]. DNA damage resulting 

from Cu and hydrogen peroxide can be 

inhibited by glutathione (GSH). Copper is 

also capable to oxidize thiol groups and 

convert them to thiyl radicals [56]. 

 

RSH + Cu2+           RS. + Cu+ + H+            (9) 

Copper and iron are very important metals 

in living cells as the normal physiological 

process require a specific level of them. 

Therefore, the metals homeostasis is 

controlled within the cells [77]. Copper 

homeostasis is controlled by copper 

distribution through the body after it is 

absorbed in the digestive tract and then 

mainly excreted into the bile [84]. A constant 

transit of Cu between low molecular weight 

pool, functional proteins containing Cu and 

its storage sites must be maintained [56]. In the 

blood , Cu is transported to bound with 

albumin after absorbed from small intestine 

as cupric form whereas Cu taken up by the 

liver and stored within hepatocytes is bound 

to metallothionein [81]. Metallochaperones are 

required to maintain Cu homeostasis by its 

safely transporting to particular proteins 

receptors preventing damage to the cells.  

Copper regulation can be disrupted by 

oxidative stress resulted from excessive 

amount of free active metals as demonstrated 

in Figure 1 [77]. Any disruption in this 

controlled equilibrium in terms of metal 

distribution and storage can lead to intense 

imbalance within humans [83]. Importantly, 

high concentration of copper and iron is 

related to hemochromatosis, anemia, 

diabetes, cancer, cardiovascular, Wilson’s, 

Alzheimer’s [61, 77] and Parkinson’s diseases 
[61, 81]. Accumulation of copper, iron and zinc 

in human brain is linked to Alzheimer 

pathogenesis [81, 83]. Copper accumulation in 

different tissues is related to Wilson disease 
[84]. Similarly, the copper deficiency 

containing enzymes is linked to many 

diseases. It has been shown that copper 

deficiency enhances the susceptibility of cell 

to oxidative stress. This was explained by the 

fact in which copper deficiency can decrease 

the cell capability to produce the antioxidant 

enzyme SOD [60, 74]. 

 

iii. Iron 

It is one of the most important transition 

redox metals that have been widely studied. 

Its amount within human body is 3-4 g. The 

remaining concentration of iron is normally 

stored in ferritin within the cell or transferrin 

transports it as ferric ions [56]. Ferritin is a 

storage protein in which 4500 iron atoms per 

a molecule binding weakly with high 

capacity. On contrary, transferrin is iron 

transporter protein with high affinity but low 

capacity of 2 iron atoms in a molecule. It is 

an essential protein circulating iron through 

plasma and contributes to iron homeostasis. 

Liver is the main site for iron storage. 

Generally, ferritin releases iron when is 

required to participate in iron containing 

proteins. Therefore, free active iron is very 

low as it constantly transports between 

ferritin (intracellular pool) and functional 

proteins. In mammals, iron homeostasis must 

be regulated to prevent the potential health 

disturbances [74]. On the other hand, the 

concentration of active redox iron is 

increased under physiological situation. 

Ferric ions can be reduced to ferrous in 

ferritin by superoxide anion and other free 

radicals which act as electron donors, 

therefore, iron is released from ferritin. 

Hydrogen peroxide and other lipid peroxides 

can release Fe from iron containing proteins 

by oxidizing it in contrast to donor species. 

Hence, to prevent metal release induced free 

radicals’ generation, cells regulate the level 

of superoxide anion and peroxides [56, 60]. The 

reaction which illustrates the formation of 
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free radicals can be expressed by Haber-

Weiss reaction: 

Fe2+ + H2O2           Fe3+ + OH- + .OH                

(Fenton reaction)                                     (10) 

Fe3+ + O2
. -                   Fe2+ + O2                    (11) 

The overall reaction can be expressed by the 

following Haber-Weiss reaction. 

 

H2O2 + O2
.-            O2 + OH- + .OH         (12) 

Moreover, it is believed that iron takes part 

in cancer disease as it catalyzes the formation 

of free radicals which consequently involve 

in tumor formation [10, 56, 62]. Other redox 

metals such as Cu and Mn can catalyze such 

kind of reaction and generate highly reactive 

hydroxyl radical. Fenton reaction is believed 

to contribute in free radicals’ production in 

vivo as a result of toxic influence of metals 
[10, 56].  

Iron overload is associated with 

significant alteration in cell structure and 

function resulting in free radical mediated 

damage. Primarily, iron must be shielded 

from oxygen and surrounding components to 

prevent iron induced oxidative stress. Free 

active iron can participate in one electron 

transfer chains causing destructive free 

radical production [74]. Under aerobic 

condition, Fe2+ ions can react with molecular 

oxygen producing superoxide radical which 

is not very reactive and cannot attack DNA. 

In a reaction catalyzed by SOD, two 

superoxide radicals can react together 

forming hydrogen peroxide which is capable 

to react further with Fe2+. Oxidation of 

biomolecules like ascorbate is initiated by 

trace level of transition metals like Fe3+ 

which is subsequently reduced to Fe2+. 

Hence, the redox state of cell is significantly 

related to iron and strictly maintained in order 

to prevent the formation of free intracellular 

iron. It has been reported that under stress 

condition excessive level of superoxide can 

release iron from iron binding molecules like 

ferritin [74]. 

iv. Manganese 

 

Mn is an important biological element 

involved in many cellular metabolisms [85]. It 

has an essential role in cellular adaptation to 

oxidative stress due to its high reduction 

potential. This metal can safely act as a 

cofactor for superoxide dismutase enzymes. 

Manganese containing antioxidants can 

effectively protect proteins from oxidative 

damage. Moreover, manganese can increase 

the cellular resistance against oxidative stress 

by substituting as a cofactor for iron in 

particular enzymes subjected to oxidative 

damage [86, 87]. However, high level of this 

element is associated with pathogenesis of a 

deleterious disease which causes damage to 

lung and the central nervous system [85]. 

 

5. How hypoxia/hyperoxia affect muscle 

cells 

In vitro, cells are commonly grown at 21% 

O2 (normoxia conditions) which is the same 

concentration in air we breathe. The levels of 

oxygen within our tissues are much lower 

than its concentration in the atmosphere and 

they vary deeper in tissues depending on the 

distance from arterial blood vessels [88].  In 

vitro, this standard condition of 21% O2 are 

considered as hyperoxic [89, 90] because 

oxygen pressure in human skeletal muscles is 

about 30-40 mmHg under normoxia (21% 

O2) and this approximately equals to 5% O2 

in the cell culture. Accordingly, human 

skeletal muscle cells should be grown at 

about 5% O2 to achieve the physiological 

normoxic conditions and thus oxygen levels 

below 5% creates hypoxic conditions [90]. It 

has been demonstrated that low oxygen 

culturing environment (hypoxia) increased 

the proliferation of cells in culture and 

increased their lifespan by 25% compared to 

those grown under normal conditions as 

shown in Figures 2 & 3 [79]. Cells in reduced 



Exercise and Antioxidants: Current Oxidative Stress Biomarkers: Future challenges and limitations          43 

 

 

oxygen level grow faster and healthier with 

less DNA damage and less stress response 
[88]. Under normal and hypoxia conditions,  

dramatic variations in gene and phenotypic 

changes in cells cultured [91]. 

Interestingly, a study was designed to 

assess the effects of hypoxia (1 and 3% 

oxygen) on rat smooth muscle cell growth in 

vitro and compare between them and 

normoxia (21% O2). The rate of proliferation 

of cells exposed to 3% O2 for 72 hours 

increased by 42.2% compared to normoxia. 

On the contrary, cells exposed to 1% O2 for 

72 hours showed a decrease in their 

proliferation by 21%. This study reported that 

only the rate of smooth muscle cells 

proliferation was affected by severe hypoxia 

(1%) and accordingly decreased without any 

impact on the cells viability 
[92]. Additionally, 

other investigations have revealed that many 

types of cells proliferate in response to 

hypoxia, with a maximal response at 3% O2 
[92]. Similarly, another group investigating the 

proliferation of rat smooth muscle cells under 

40 and 70% O2 (hyperoxia) reported that the 

proliferation was inhibited by these two 

oxygen concentrations compared to the 

normoxic level of 21% [93].  

 

 

 

 
 
Figure 2: Muscle cells (C2C12) incubated under normal 

conditions of 21% O2 and 5% CO2 for 24 hours [79]. 

 

 

 

Figure 3: Muscle cells (C2C12) incubated under 5% O2 

(hypoxia conditions) and 5% CO2 for 24 hours [79]. 

 

In vivo, the hypoxia state is originally 

generated by environmental conditions (high 

altitude or exercise) or pathological 

conditions (pulmonary disease or severe 

anemia) [89]. Oxygen concentration in vivo 

can range from 1-13% [91]. Hypoxia can occur 

during exercise and skeletal muscle cells can 

adapt to deal with this condition of low 

oxygen availability [89]. It has been reported 

that hyperoxia (high oxygen availability) can 

also occur during severe-intensity exercise in 

humans and affect the muscle metabolic 

responses [94]. This state of low/high oxygen 

availability can be either chronic (long lasting 

for several days) or acute (for several hours). 

It has been demonstrated that chronic 

hypoxia results in a negative regulation of 

protein metabolism and a loss of muscle 

mass. Other investigations have reported that 

acute hypoxia enhances the protein balance, 

between protein synthesis and protein 

breakdown, in humans and exerts a positive 

effect on muscle growth. This means that the 

two kinds of hypoxia regulate the skeletal 

muscle mass in two different ways. 

Definitely, if the acute hypoxia exposure 

improves protein balance within cells, the 

moderate exercise performed in conditions of 

low oxygen availability could be extremely 

useful. However, further investigations are 

needed to confirm this hypothesis [89]. 

HIF-1α can help cells to endure this 

reduced oxygen availability condition. 

However, in vitro, hypoxia stimulates HIF-1α 
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more consistently than in-vivo and this is 

probably due to the high level of hypoxia 

applied in cell cultures (0-2% O2). In fact, it 

has not been confirmed whether HIF-1α is 

directly responsible for the reduction in 

protein synthesis detected in vitro [89, 90]. 

More importantly, mitochondria, where 

molecular oxygen is consumed, may be 

assumed to function under even reduced 

oxygen tensions than these average values in 

tissues. Consequently, the comparisons of 

hyperoxic impacts in vitro and in vivo are 

difficult particularly if quantitative 

investigations are performed [89]. 

 

6. Current biomarkers of exercise-

induced oxidative stress 
 

The oxidative damage can be measured by 

biological biomarkers in which their 

structures are harmfully affected by ROS and 

accordingly changed. Recently, analytical 

assays used to assess the intracellular 

oxidative damage have been rapidly 

developed. Such methods rely on relatively 

stable biological compounds as follows [35, 

48]. Representative current biomarkers can be 

summarized in more details below. 

 

6.1. Measurement of free radicals 

Free radicals can negatively effect on 

biomolecules such as proteins, lipids and 

DNA. Reactive oxygen species have a short 

half-life resulting from their highly reactive 

nature (less than 1 ns). The application of 

spectroscopic method is not the most suitable 

on humans as the materials used in this 

process are toxic. The measurement is 

performed by processing blood samples and 

finally the serum is analyzed 

spectroscopically [19, 23, 32, 68, 95]. 

 

6.2. Measurement of oxidative damage on 

lipids, proteins and DNA modification 

6.2.1. Lipids peroxidation 

Oxidative stress can be examined by 

measuring the level of lipid peroxidation in 

the cell membrane. Lipids molecules 

decompose into primary oxidative products 

such as conjugated dienes [23, 96] and 

secondary products such as malondialdehyde 

(MDA) [1, 19, 23, 24, 26, 48, 97] and F2-isoprostane 
[98]. It has been thought that the high level of 

MDA in many diseases is linked to free 

radical species damage. Thus, this biomarker 

has been widely measured to evaluate the 

lipid peroxidation in humans. Unfortunately, 

there is a limitation in using MDA as a 

biomarker because it is formed in foods and 

then absorbed by gastrointestinal tract 

resulting in changing of the background value 

in vivo [48].  Malondialdehyde is frequently 

quantified by its reaction with thiobarbituric 

acid and using spectrophotometrically at 532 

nm [23, 33, 48, 68, 96]. However, this method is 

imprecise as thiobarbituric acid can react 

with many other substances such as amino 

acids and carbohydrates leading to errors in 

measurement. Additionally, there is another 

source of variability which is due to the 

potential oxidation of the acid during the 

sample handling [48]. Alternatively, Many 

chromatographic techniques e.g. GC-MS [99], 

HPLC-UV/VIS [100] and HPCE [101] have been 

developed to measure MDA.   

Recently, F2-isoprostanes serve as a 

reliable method to quantify oxidative damage 

on lipids [19, 48, 68, 102-111]. Isoprostanes F2α are 

64 isomers compounds to cyclooxygenase-

derived PGF2α and they represent the most 

particular biomarkers of lipid peroxidation in 

numerous biological samples, e.g. blood, 

plasma, urine, exhaled breath condensate, 

bile, seminal fluid and tissues [48, 106]. 

Importantly, many diseases are associated 

with the high level of such compounds in 

urine and serum. Thus, their discovery is 

beneficial for humans as oxidative stress 
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status in vivo. They can be reliably assessed. 

However, these biomarkers are the most 

complicated to be measured. Analytical 

assays of MDA and IsoPs require intensive 

procedures involving sample preparation in 

terms of purification and extraction [106]. In 

addition, some considerations should be 

taken during sample preparation to avoid 

interferences in IsoPs analysis. Plasma and 

tissue samples need immediate freezing at -

800C to avoid the autooxidation of samples 

but urine is more stable as the concentration 

of IsoPs remains unchanging at room 

temperature for many days or at -200C for six 

months [48]. Recently, several methods have 

been developed for determination of IsoPs 

such as gas or liquid chromatography linked 

to mass spectrometry [106, 112, 113]. Moreover, 

the analysis of hexane, ethane and pentane in 

exhaled air is a non-invasive method to 

measure oxidative stress on lipids. The three 

alkanes can be produced from another source 

rather than oxidation and subsequently this 

method is insufficiently precise [21]. 

 

6.2.2. Proteins modification 

Oxidative damage on proteins results in 

generation of carbonyl groups at spots in 

chains. Thus, the increase in number of 

carbonyl groups is a result of oxidative stress. 

Determination of carbonyl groups most 

widely used for measuring the oxidative 

damage on proteins [1, 19, 23, 24, 48, 68]. Proteins 

lose their functional and structural efficiency 

as a result of oxidative damage. The 

importance of measuring carbonyl groups as 

a biomarker is their elevated stability and 

relatively early production during oxidative 

stress [48]. Many techniques have been 

developed to analyse carbonyl groups, for 

example, spectrophotometric [114] and 

enzyme-linked immunosorbent assay 

(ELISA) methods [48]. Assays of protein 

carbonyls require intensive sample 

preparations and the samples should be 

carefully handled and stored [48].  

6.2.3. DNA modifications 

There are many kinds of DNA 

modifications resulted from the attack of free 

radicals to DNA molecules such as protein 

bonds damage and chain breaks. Many 

methods have been carried out to determine 

this damage. The quantification of nucleotide 

8-hydroxy-2-deoxyguanosine (8-OHdG), 

which is the product of guanine oxidation, as 

a biomarker is the most frequently method to 

measure DNA modification induced by free 

radicals [19, 23, 24, 48, 68, 97, 115-124]. The DNA 

damage is frequently caused by hydroxyl 

radical. This damage is repaired by specific 

enzymes and bases are directly expelled into 

urine. Several analytical methods have been 

developed for measuring DNA oxidative 

damage including GC-MS and HPLC with 

electrochemical detection [19, 48, 122]. 

However, there is a variable in the 

background level of 8-OHdG in samples and 

this variability relies on the technique 

applied. It is very important to decrease the 

artifactual oxidation of the base during DNA 

extraction and derivatisation in order to avoid 

overestimated baseline level induced by the 

damage [19, 48].  

 

6.3. Measurement of antioxidants 

The activity of enzymatic antioxidants, for 

example, superoxide dismutase [23, 26, 33, 70, 96, 

125-127], catalase [1, 23, 70, 128, 129] and glutathione 

peroxidase [23, 70, 96], has been widely 

quantified in many investigations. This 

method is used to evaluate the antioxidant 

system at rest as well as after the physical 

activity [23]. There have been many 

continuously oxidizing agents the living cells 

are exposed to. Thus, human antioxidant 

system possesses the capability to minimize 

the effect of such agents. The concentration 

of these antioxidant compounds relies on 

their formation and consumption during 

oxidative stress [126]. 

There are three isomers of superoxide 

dismutase enzyme. Mn-SOD is located in 
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mitochondrial matrix and Cu, Zn-SOD 

located in the cytosol and the mitochondrial 

intermembrane space. Copper and zinc are 

also required for the third type of SOD which 

is located in extracellular space [35]. 

Specifically, in skeletal muscle, 15–35% of 

the total SOD activity within the 

mitochondria, and the remaining 65–85% is 

in the cytosol [35]. It is essential to measure 

SOD in human tissues particularly patients 

with diseases promoted from insufficient 

quality of antioxidants. The deficiency of this 

enzyme can induce the accumulation of 

superoxide radical [126]. Cu, Zn-SOD 

catalyzes the conversion of superoxide 

radical into oxygen and hydrogen peroxide 

radicals, which are decayed by catalase and 

glutathione peroxidase. Copper ion has the 

role to dismutase the radical whereas zinc ion 

is responsible for the structural function [127]. 

Indeed, quantification of SOD can reveal the 

amount of free radicals formed. Numerous 

spectrophotometric methods [130] and 

electrochemical techniques [126, 131] have been 

reported for measuring this antioxidant 

enzyme [126, 132, 133]. Unfortunately, some 

studies have reported that endurance exercise 

does not affect or increase the activity of 

SOD in muscle. In contrast, most researchers 

have indicated that the activity of SOD has 

been increased (20-122%) by endurance 

exercise in muscles. This variation in 

findings is due to the sensitivity of the 

techniques used to measure the differences in 

SOD activity [35].  

It has been identified that there are five 

kinds of selenium containing GPX enzymes. 

Their function is to accelerate the reduction 

of hydrogen peroxide to water by converting 

the reduced form of glutathione (GSH) to the 

oxidised form of glutathione disulfide 

(GSSG). It is very important antioxidant 

compound against ROS damage to 

intracellular macromolecules. Identical to 

SOD, numerous studies have demonstrated 

that endurance exercise can lead to increase 

the activity of GPX in muscles by 20-177% 

and this increase depends on the intensity and 

duration of exercise [35].      

Thiol protein GSH and its oxidised form 

GSSH have been used to measure the 

oxidative stress as GSH is the most essential 

protein in humans [23, 24, 31, 128, 134]. It has a 

significant ability to protect the cell against 

oxidative stress and maintain its redox state 

by trapping radicals and minimize the 

formation of peroxides [74]. Glutathione has a 

significant role in intracellular copper 

metabolism and suppression of copper 

toxicity. It directly chelates copper and 

keeping it away from participating in redox 

cycle [60]. 

Non-enzymatic antioxidant vitamins such 

as A, C and E have been commonly 

quantified in order to assess the quality of 

antioxidant defense system and vitamins 

deficiency [41]. Similarly to enzymatic 

antioxidant, the amount of antioxidant 

vitamins is varied as a result of oxidative 

stress. This change in the concentration of 

vitamins can be subsequently used as indirect 

biomarker to assess the oxidative damage [23]. 

For example, it has been shown that vitamin 

E can defend against copper that causes 

oxidative stress [60, 61, 81]. Also, Uric acid, 

which is non-enzymatic antioxidant [135], can 

be determined to examine the oxidation but it 

lacks of reliability. Finally, the total 

antioxidant capacity (TAC) has been 

quantified in many studies to evaluate all 

antioxidants compounds [23, 70, 128, 135]. 

 

6.4. Redox elements in muscle cells as 

oxidative stress biomarkers 

Unfortunately, none of those biomarkers 

mentioned above is sufficient to discover the 

potential role of oxidative stress involved in 

pathogenic mechanism of human diseases [13, 

35, 48]. There are no ideal biomarkers and 

optimal methods but some biomarkers are 

more reliable and stable during the analysis 

than others [48]. Oxidative stress biomarkers 
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were also considered to be too variable and 

highly unspecific for utilization in medical 

diagnostics of a specific disease [17]. They 

should also maintain their composition on 

storage and not be lost during sample 

preparation. Nevertheless, there might be a 

variable response of the biomarkers to 

different macromolecules between humans 

and even in the same subject. Additionally, 

the biomarkers may not represent the extent 

of this oxidative damage. Consequently, the 

selection of appropriate biomarkers should 

depend on the study aim. Careful 

consideration is necessary for even the most 

developed biomarkers prior to applying them 

to human research [48, 136]. Surprisingly, some 

investigations have failed to prove exercise 

induced oxidative stress [137]. It has been 

suggested that there might be several reasons 

for these findings. For example, the 

variability in subjects; their gender, age and 

physical condition may all influence study 

results. Furthermore, a wide variety of 

exercise protocols (type, intensity and 

duration) have been used resulting in 

variation in results [55]. Several biomarkers’ 

level used in the studies may not change and 

reach their maximum magnitude during or 

immediately after exercise. They may need 

hours or days to rise to a noticeable level to 

be measured [54]. Detailed studies have been 

carried out on trained endurance athletes who 

are adapted to exercise influence [41].  

This variation in detection may explain the 

contradictory results within the literature [4]. 

The results have been conflicting regarding 

the influence of exercise on selected 

biomarkers [52, 138]. In addition, analytical 

methods applied for their measurement 

should be chemically robust, repeatable and 

with high sensitivity and low detection limit 

to compare between reference and changed 

values in living organisms [110]. Thus, a 

reliable biomarker, an accurate method and a 

sensitive technique are required to measure 

oxidative stress in human cells. Biological 

elements like Zn, Cu, Mn and Fe at trace 

levels can be used as oxidative stress markers 

due to their vital role as cofactors of the 

antioxidant enzymes. Cu, Zn-superoxide 

dismutase and Fe catalase are two examples 

of the most important enzymatic antioxidants 

that protect the human cells against the 

intracellular oxidative stress. Their level 

relies on their formation and consumption 

during oxidative stress resulting in an 

increase/decrease in their corresponding 

cofactors’ level [126]. 

Numerous analytical techniques have 

been developed for qualitative and 

quantitative study of metals in biological 

systems (Table 1) [139-147]. 
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Table 1: Qualitative and quantitative analytical techniques employed for trace determination of biological elements* 

Method Advantages Disadvantages 

FAAS  high sensitivity 

 inexpensive 

 rapid 

 does not require high level of 

operator skill 

 range value of the 

measurement (50 ppb-500 

ppm) [139] 

 not simultaneous 

 different cathode lamp for 

different elements 

 measures only metals and some 

non-metals 

 low precision (0.1-1%) 

 only for liquid samples 

 requires big sample quantity 

 issue with refractory elements 

 interferences from matrix [139] 

ICP-MS  capability to measure  

isotopes 

 detection limits (0.01-0.1 

µg/L for many elements 

 simple sample preparation 

 high throughput 

 ability to measure many 

elements simultaneously [83, 

139, 140] 

 strong digestion of the sample is 

needed prior to analysis which 

may result in metal 

contamination 

 relatively large sample quantity 

 influences of dissolved 

solids/matrix (need to dilute 

samples) [83, 139, 140] 

ETAAS  very small sample volume 

(as low as 0.5µL)  

 low spectral interferences 

because of elevated 

temperature 

 low detection limit (<pg and 

ng) 

 high precision and good 

accuracy 

 for quantitative and 

qualitative analyses [83, 139, 

141] 

 depends on the sample mass, the 

instrument calibration and the 

sample homogeneity 

 expensive 

 low precision for few elements 

 low sample throughput 

 high interferences from matrix 

 not easy to use, needs a skillful 

operator [83, 139, 141]  

TXRF  simultaneous measurement 

 detection limit is pg/g with 

pre-concentrated samples 

 for quantitative and 

qualitative studies 

 surface sensitive 

multielement analysis [142, 143] 

 strong digestion of mammalian 

cells sample is needed before 

analysis which leads to sample 

manipulation resulting in 

possible metal contamination or 

loss of the analyte during 

evaporation [83] 

 matrix interferences [142] 

LA-ICP-MS  direct elemental analysis of 

solid samples 

 very low detection limit >0.1 

ppm 

 elemental fractionation 

 non-stoichiometric effects 

because of preferable ablation of 

more volatile compounds 
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 linear dynamic range of up to 

10 orders of magnitude 

 enabling microanalysis, 

depth profiling analysis, and 

2-dimensional elemental 

mapping 

 simple sample preparation 

 high sample throughput 

 capability of isotopes 

measurement 

 ability to analyze many types 

of materials, conductive and 

non-conductive and opaque 

and transparent [139, 144] 

 differences in gravitational 

settling between smaller and 

larger particles when they are 

transported from the ablation 

chamber into ICP 

 evaporation, atomisation and 

ionisation in ICP (less effective 

for larger particles) 

 matrix interferences 

 lack of standard reference 

materials 

 interaction differences between 

the laser beam and sample 

surface [139, 144] 

PIXE  high sensitivity and spatial 

resolution 

 Low detection limit (usually 

µ/g) 

 quantitative analysis 

 simultaneous trace elements 

analysis 

 a very low background signal 

due to great ionization cross 

sections [144] 

 metal speciation technique 

without the use of separation 

methods [83] 

 poor depth resolution 

 it is a surface technique 

 inter-element interference 

 determination of light elements 

with low X-ray energies is 

difficult because of X-ray 

attenuation in thick samples 

 inaccurate estimation of 

concentration due to the 

volatility of some elements by 

boiling [145] 

ICP-AES  multi-elemental analysis  

 rapid 

 detection limit (1 ppb-1000 

ppm) 

 good linear dynamic range 

(106-108) [139, 146] 

 relatively poor detection limits  

 interferences 

 high sample volume (1-5 mL) 

 samples pretreatment is required 
[139, 146] 

SXFM  high sensitivity 

 for elemental bioimaging 

with submicron resolution  

 nondestructive technique 

 visualization of the metal ion 

distribution in biological 

samples (chemical elements 

speciation) [144, 147] 

 lack of standard reference 

materials 

 expensive due to the application 

of X-ray 

 exposure to X-ray radiation 

 requires to preserve samples by 

flash freezing and freeze-drying  
[144] 

*FAAS: Flame atomic absorption spectrometry, ICP-MS: Inductively coupled plasma-mass spectrometry, ETAAS: 

Electrothermal atomic absorption spectrometry, TXRF: Total reflection X-ray fluorescence, LA-ICP-MS: Laser ablation-
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inductively coupled plasma-mass spectrometry, PIXE: Particle-induced X-ray emission, ICP-AES: Inductively coupled plasma-

atomic emission spectroscopy, SXFM: Synchrotron X-ray fluorescence microscopy. 

A precise and reproducible quantitative 

analysis of some biological elements like Zn, 

Cu and Fe in mammalian cells in culture or 

from tissues is very important in order to 

determine the effect of such elements on 

physiological process and pathology of 

diseases. Therefore, an accurate method and 

a sensitive technique must be selected for a 

successful biological study [83]. However, 

many factors should be considered before 

selecting the appropriate method such as 

timing, accuracy and the cost. In addition, the 

intensive manipulation of a sample analysed 

for trace metals is a key issue in elemental 

analysis resulting in contamination 

throughout the digestion and dilution of the 

sample. Metal determination process can be 

also performed via sub-cellular fractionation 

of the cell contents in which cross 

contamination may occur. Elemental analysis 

cannot provide accurate results without 

appropriate sample preparation procedures. 

Separation methods utilized in some metal 

speciation work can result in loss of metals of 

interest during sample treatments steps [79]. 

By considering all factors mentioned 

above, correct analytical techniques must be 

selected prior to the study in order to obtain 

accurate data. Currently, the most common 

analytical methods published so far in the 

literature are ICP-MS (Inductively coupled 

plasma-mass spectrometry), ETAAS 

(Atomic absorption spectrometry with 

electrothermal atomization) and TXRF (total 

reflection X-ray fluorescence) due to their 

high sensitivity and low sample amount 

requirements. It is worth mentioning, atomic 

absorption spectrometry with flame 

ionization (FAAS) is also widely used for 

elemental analysis. However, it requires a 

relatively big quantity of analyte compared to 

the available amount of biological samples. It 

has also limited sensitivity due to a limited 

sampling efficiency (short residence time of 

analyte in optical path) [79]. The beneficial 

properties of ICP-MS open the doors to use 

this powerful technique to measure the most 

important biological elements. However, at 

worst, some metallocompounds are difficult 

to be measured due to the weakness of metal 

coordination with biomolecules which leads 

to loss of such metals during analysis. At 

best, some other elements like sulfur and 

phosphorous which are covalently bound to 

proteins allow the analysis to be safely 

performed without releasing such 

bioelements [148]. However, such elements are 

not efficiently ionized in ICP due to their high 

ionization energy [149] and in any case, would 

not provide a useful measure of anti-oxidant 

enzymes. 

 

7. Limitations with possible solutions in 

the analysis of biological elements as 

oxidative stress biomarkers in biological 

samples 

The variation in findings of oxidative 

stress measurements in literature is due to the 

sensitivity of the techniques used to measure 

biomarkers of interest. As discussed, the 

quality of trace and sub levels determination 

and chemical speciation of biological 

elements in biological samples is crucial. 

Limitations with possible solutions in the 

analysis of such biological elements as 

oxidative stress biomarkers in biological 

samples can be summarized as follows: 

i. Biological elements are routinely 

detected using ICP-MS which requires 

centralized laboratories, trained 

personnel and are considerably costly. 

Thus, in this scenario fast and robust 

methods of BAs analysis will be required 

for future regulations in fermented 

products. 
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ii. The complex matrix of biological 

samples for quantifying biological 

elements has been the main barrier in its 

analysis. Sample clean-up or sample pre-

concentration steps are used commonly; 

however, matrix effect is also addressed 

by allowing the quantification of ultra-

traces of biological elements by the use of 

internal standards. 

iii. Moreover, these analytical techniques 

cannot be carried out on site, and there is 

a considerable time-lag between sample 

procurement and carrying out the analysis 

and relaying the result, which is 

incompatible with a timely intervention. 

Alternative methods that facilitate rapid, 

reliable, cost-effective, and easy-to-use 

devices for use at the point-of-need are 

urgently required. 

iv. On the other hand, considerable interest 

has been witnessed in extraction 

procedures such as DLLME, its 

automation, and mixed mode coupling 

with other pretreatment steps to more 

reliability deal with the desired target. It 

has been extensively applied in various 

industrial, food, and clinical applications. 

v. An automated green preconcentration 

method for biological elements in future 

will serve as a standard in biological 

samples and will serve as a milestone in 

the development of an ideal green 

analytical method for the target elements 

in complex matrices. Similarly, an 

excellent ion-pair-assisted extraction 

combined with spectrochemical and/or 

voltammetric at surface modified 

electrode as alternative tools for the 

determination of target elements in 

biological samples. There are relatively 

no DLLME studies reported for 

biological samples in complex combined 

with spectrofluorimetry and stripping 

voltammetry. 

vi. The absence of electrochemical 

techniques for analysis of target 

biological elements attributes to the 

feasibility of the electron transfer in their 

structures. Surface-modified electrodes in 

stripping voltammetry are of great 

interest to be used in combination with 

DLLME and other microextraction 

techniques for the analysis of target 

biological elements. Research in 

developing novel methods for analysis of 

biological elements is an emerging area 

of research as most of the methods either 

suffer interference issues or they were 

complicated and expensive. 

 

8. Conclusion and future prospective 

The present review covers recent 

information’s regarding chronic exposure to 

excessive formation of ROS.  ROS can 

potentially lead to a shift in the intracellular 

redox balance towards a more oxidant state 

which is accompanied with upregulation of 

antioxidant enzymatic compounds which are 

no longer adequate to scavenge the excessive 

ROS production. The review also discusses 

the increase in ROS generation by certain 

conditions of physical and psychological 

stress like an intensive exercise. Metals such 

as Fe and Cu are capable to produce reactive 

species by escaping from controlling and 

bind to other cell components resulting in 

toxicity associated with oxidative stress. 

Consequently, oxidative damage of 

biomolecules, inflammation and many 

chronic diseases can be promoted. Due to the 

importance of the intracellular oxidative 

stress and the increasing concern on its 

deleterious damage, several different 

biomarkers and many analytical techniques 

have been used to measure the oxidative 

damage. None of these biomarkers is 

sufficient to discover the potential role of 

oxidative stress involved in pathogenic 

mechanism of human diseases. It is highly 

valuable to identify an ideal biomarker as 

well as an optimal method to assess oxidative 
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stress. It greatly helps in predicting the 

progression of diseases and the therapy 

required to prevent the damage. Therefore, 

the availability of a reliable non-invasive 

biomarker to measure oxidative stress is the 

ultimate challenge in the biological field. 

Further investigations in vitro and vivo are of 

prime importance to fully study the oxidative 

damage within biological environments. 

Separation techniques coupled with ICP-MS 

can also be employed for 

quantitative/qualitative elemental analysis. In 

vivo, bioimaging/mapping of metallic 

elements in biological samples can be 

quantitatively used for the study mechanisms 

of many diseases and physiological 

processes. To achieve such goals, the overall 

hypothesis and future work most likely will 

be focused on: 

i. Coupling the dispersive liquid -liquid 

microextraction (DLLME) with the ICP-MS 

for proper separation and chemical speciation 

of the various forms (oxidation states) of 

biological elements (Fe, Cu, Zn, Mn, etc) at 

trace and sub trace levels.   

ii. Coupling the dispersive solid phase 

microextraction (DSPME) in flow mode with 

the ICP-MS for proper separation and 

chemical speciation of the various forms of 

the essential elements in biological systems at 

trace and sub trace levels.  

iii. Coupling DLLME and/or DSPME with 

ICP-MS minimizes the possible spectral 

interference from the matrix and will improve 

the lower limits of detection (LOD) and 

quantification (LOQ), linear dynamic range 

(LDR), sensitivity, elemental selectivity, low 

detection and isotope ratio capability of the 

ICP-MS.  

iv. Lateral flow protocols for the rapid 

separation and speciation are model 

strategies, applicable for clinical use, if 

highly sensitive, on-site and timely 

determination is desired. 

v. Extensive modification in advance 

samples preparation techniques-in particular 

automation- would eventually results in 

exceptional enrichment of trace and ultra-

trace analysis of biological elements in 

complex matrices. 
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