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Abstract. The present paper explores the possibility of using hair as a suitable 
biomarker of chronic exposure to anticholinesterase pesticides. Research results 
already available confirm that hair is a suitable biomarker of past exposure to 
drugs and pharmaceuticals. Recent experimental evidence suggests that hair is a 
suitable biomarker for the assessment of chronic exposure to organophosphate and 
carbamate pesticides. Animal studies have indicated that hair concentrations of the 
pesticide diazinon are dose dependent. Hair has been used as biomarker of chronic 
and recent exposure to anticholinesterase pesticides in an epidemiological study 
conducted in Crete. Experimental data confirmed the presence of 
organophosphates in hair samples of the rural population examined. 
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Introduction  

Toxicological analysis of non-conventional biological samples (e.g. hair, saliva, sweat, 
and sperm) has significant value and many applications in several areas of medical, 
forensic and environmental science. These samples may provide important additional 
information and possess certain advantages (e.g. sampling is time-efficient, practical, 
cost-effective, non-invasive and a second sample giving similar information to the first 
can be easily obtained) over the conventional biological samples. Among the non-
conventional biological samples, hair can provide the most vital information, with 
sectional hair analysis being the most widely used application [1]. 

The main advantage of hair is that it retains trapped information for prolonged 
periods of time. Analyte stability in hair has been demonstrated in 4000 years old 
mummies, in which small amounts of cocaine metabolites were found [2]. This is 
attributed to the absorption and trapping mechanism that exists in the hair, taking place 
during keratinisation of the newly formed cells.  

Several studies have provided contradicting evidence on the dose-response 
relationship between chemical ingestion and chemical titres in the hair. Despite the 
concerns expressed by the scientific community with respect to the role of hair testing, 
it has already been applied in forensic investigations, historical research, autopsy, 
adoption cases, exclusion of evidence, serial criminal cases, rape cases, doping control, 
as well as other scientific and/or legal cases [3]. Another possible application would be 
in clinical practice. Sectional hair testing may be utilized to check compliance to 
therapy regime for people under long-term treatment for several diseases [4].  

Hair analysis has been successfully used to assess chronic exposure to various 
chemicals like drugs of abuse, medicines and heavy metals. Recently, analysts give 
their attention to the possibility of using hair analysis for the assessment of exposure to 
organic pollutants. The most studied compounds are organochlorine pollutants, like 
pesticides, dioxins and PCBs [5-13] and currently used pesticides belonging to the 
families of anticholinesterase agents like organophosphates (e.g. diazinon, malathion) 
[14-16] and carbamates (e.g. methomyl, carbaryl) [17-18]  

Hair analysis is feasible due to the special characteristics of hair, and the most 
basic ones are described below.  

Although hair might appear as a simple and homogeneous structure to a non 
specialized observer, it is in fact a very complex part of human anatomy. Hair consists 
of long shafts created of closely packed cells that emerge from the follicles. The mean 
diameter of a single hair shaft ranges from 15-120 µm, in humans, depending on the 
type of hair and the body area that each follicle is located. Hair is rich in keratins, a 
family of proteins with a high content of sulfur. Inside the shaft, keratin forms long 
fibers linked to each other by sulfur bridges and other types of bonds between keratin 
and other proteins, creating a very stable structure 

The hair could be described as cross linked polymer containing a large number of 
chemical functional groups, capable of trapping small molecules. Human hair consists 
of 65-95% proteins, 15-35% water and 1-9% lipids. Lipids originate from sebum and  
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the secretions of apocrine glands and consist of free fatty acids, mono and di-
glycerides, waxes carbohydrates and aliphatic alcohols. Human hair is rich in the 
aminoacids threonine, aspartic acid, glutamic acid, lysine, cystine and tyrosine [19].  

Substances in the blood-circulating system, which enter the hair via the follicle, are 
trapped and retained in specific parts of the hair. Sweat and sebaceous glands also play 
a basic role in the process of drug deposition in hair. Water-soluble compounds 
excreted into sweat and sebum from the skin may also be incorporated in the hair. The 
removal of drugs depends upon several variables, such as gels or solutions used to wash 
or treat the hair [20]. 

Hair analysis for the assessment of exposure to Anticholinesterase pesticides 

Pesticides are substances that are used to prevent, destroy, repel or mitigate any pest 
ranging from insects, animals and weeds to microorganisms such as fungi, moulds, 
bacteria and viruses or other organisms that compete with humans for food, destroy 
property, spread disease, or are considered a nuisance [21-22].  

Workers employed in the manufacture and application of pesticides is the most 
highly exposed group [17]. While acute exposure to pesticides usually leads to 
intoxication with well defined and studied symptoms and only concerns a small part of 
the population, the interest of public health officials is focused in understanding and 
recording the effects of low level long term exposure to pesticides. This is because 
pesticides are widely released into environment. Consequently, exposure of the general 
population at some level to several different pesticide residues is almost inevitable [23].  

 In vivo studies in animals 

Recently, researchers have demonstrated that organophosphorus pesticides and 
environmental pollutants (DDTs and HCHs) can be detected in hair [24-26]. The 
disposition of diazinon in the hair of experimental animals that were exposed to the 
pesticide through their drinking water was studied in our laboratory. [27-28].  

Rats and rabbits were exposed to the pesticide diazinon through their drinking 
water. Both rats and rabbits were divided to three groups. One served as the control 
group and the two others received the pesticide in their drinking water at two dose 
levels. The rats were exposed to two levels of the pesticide, a low one of 2.7 mg/kg/day 
and a high one of 5.5 mg/kg day in their drinking water for 45 days. The rabbits were 
exposed to 7 mg/kg/day (low dose) and 15 mg kg/day (high dose) through their 
drinking water for four months. At the beginning and at the end of the dosing period, as 
soon as the hair regained its original length, it was removed from the back of the 
experimental animals.  

A sensitive and selective method for analyzing organophosphate pesticides like 
diazinon, fenthion and methyl parathion in hair was developed. This method includes 
preparation of the sample by homogenization of the hair, methanolic extraction 
followed by liquid-liquid extraction with ethyl acetate and analysis by gas 
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chromatography- mass spectrometry or gas chromatography coupled to nitrogen 
phosphorus detector. Analysis of the samples of both animals revealed that the 
concentration of the pesticide detected in hair was dose dependent [27-28].  

 
 

Table 1: Diazinon concentration in the hair of the exposed rats and rabbits. 

Animal Group Group mean concentration 
(ng/mg) of hair ±±±± st.dev. 

T-test 
p value 

 
rat 

Control group 0  

<0.001 
Low dose (2.7 mg/kg) 0.24 ± 0.01 
High dose (5.5 mg/kg) 0.53 ± 0.05 

 
rabbit 

Control group 0  
0.023 Low Dose (7 mg/kg) 0.17 ± 0.05 

High dose (15 mg/kg) 0.23 ± 0.02 
†Significance levels estimated between the high and low dose groups. n=5 

 In vitro studies using human hair. 

The effects of parameters such as colour of hair, concentration of pesticide and time of 
hair exposure to the pesticide diazinon were studied in vitro using human hair.  

Three experiments were conducted in order to study the effect of the 
aforementioned parameters.  

In order to study the effect of time of exposure of the hair sample to the pesticide, a 
100 mg pesticide free sample of brown hair was immersed in an aqueous solution of 
0.01 mg/ml diazinon for 1 and 4 h, at ambient temperature. At the end of each 
incubation period, the hair was removed from the solution, washed for two min in 
methanol in order to remove the loosely bound pesticide, and analysed by GC-MS.  

Results (Table 2) indicated that the measured hair concentration of diazinon was 
time dependent.  

 
Table 2: Measured concentration of diazinon in hair, following incubation of the sample in a 0.01 mg/ml 

aqueous solution of the pesticide. 

Concentration of exposure 
medium (mg/ml) 

Time of exposure (h) Concentration of diazinon in hair (µg/mg)

0.01 1 0.46 

0.01 4 2.22 

 
In order to study the effect of the pesticide concentration in the exposure medium, 

samples consisting of 100 mg of natural brown hair were incubated in aqueous 
solutions of diazinon at various concentrations (0.01 mg/ml, 0.1 mg/ml και 1 mg/ml) 
for 1 h. At the end of the incubation period the samples were removed from the 
solutions simultaneously, processed and analyzed by GC-MS. 

It is easily observed that the concentration of the pesticide in the exposure medium 
plays a crucial role in determining the levels of the pesticide absorbed by hair. Pre- 
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sumably saturation of the available binding sites in the hair would account for a 
leveling of the measured pesticide concentration.  

Previous studied have indicated that hair colour is a crucial parameter that 
determines the amount of chemicals that may bind to hair, especially if absorption of 
the substance in hair occurs through the bloodstream, during the keratinisation step of 
the  
hair shaft More specifically it has been found that the concentration of many substances 
measured in hair is proportional to the melanin content of the hair shaft [29]. In order to 
study the effect of colour on the detected diazinon concentration, in the case of external 
contamination of hair with diazinon, human hair samples (100 mg) of different colours 
were incubated in an aqueous solution of diazinon of 0.1 mg/ml for 1 h. At the end of 
the incubation period hair samples were removed from the incubation media, processed 
and analysed by GC-MS. The results of the experiment are depicted in table 4. 

When diazinon is absorbed through external contamination of the intact hair shaft 
from the environment and not through the blood stream during the keratinazation step 
of the hair shaft, melanin content does not seem to play such an important role. The 

 
Table 3: Measured concentration of diazinon in hair following 1 h incubation in diazinon 

aqueous solutions of different concentrations. 
 

Diazinon concentration of exposure medium 
(mg/ml) 

Time of exposure (h)) Concentration of diazinon 
in hair (µg/mg)) 

0.01 1 0.10 

0.1 1 1.59 

1 1 3.99 
 

Table 4: Measured diazinon concentration (µg/mg) in hair samples of different colours incubated in 
0.1 mg/ml aqueous solution of diazinon for 1 h. 

 

Sample Colour Diazinon detected concentration (µg/mg) 

1 Brown (dyed) 3.3 

2 Light brown 2.2 

3 Blonde 1.3 

4 Black 0.9 

results of the conducted experiment show differences in the measured hair diazinon 
concentration, but these do seem to relate so much to the melanin content of the hair 
shaft. This could be exposed by the fact that melanin is not directly exposed to the 
environment. On the contrary, the hair shaft is enclosed by a membrane that protects 
the cells that carry the melanosomes. The destruction of the membrane is necessary 
before chemical substances gain access to the melanosomes and the melanin binding 
sites.  
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Hence it seems that other factors play a role in the amount of pesticide binding to intact 
hair through passive exposure from the environment. These parameters would be the 
state of the membrane, as indicated by the fact that dyed hair absorbed more pesticide 
than the hair with intact membrane. Other parameters could be the lipid content of the 
hair. Hair with higher lipid content offer more binding sites to diazinon than hair with 
lower lipid content.  

Finally another factor that could account for the amount of diazinon bound in hair 
is the diameter of the hair shaft. Hair shaft with smaller diameter offer more binding 
sites to diazinon per equal weight of sample than those with bigger diameter.  

As a summary we should note that when measuring the concentration of a pesticide 
in hair several factors must be studied before relating the measured pesticide in hair to 
the exposure of the organism. 

 

Population study in humans 
 
Pesticide exposure of rural and urban population in the island of Crete was assessed 
using hair analysis. 

A total of 463 and 70 head hair samples from rural (South Crete) and urban 
population (Heraklion city, Crete) were collected and analyzed. Approximately 500 mg 
of hair was cut from the root, at the back of the head and used for the analysis. Hair 
samples were analyzed for the currently used organophosphate pesticides (diazinon, 
methyl parathion, fenthion, malathion, dimethoate and chloropyrifos). Also they were 
analysed for the hexachlorocyclohexane isomers (HCHs: lindane, a HCH, HCB) and 
the dichloro-diphenyl trichloroethane isomers (DDTs: op-DDE, pp-DDE, opDDD, pp-
DDD, op-DDT and pp-DDT).  

The length of the samples from male participants varied from 3 up to 6 cm, 
corresponding up to 6 months of pesticide exposure, while that of the female 
participants varied from 8 up to 32 cm, corresponding up to 32 months of pesticide 
exposure [26, 30]. 

 
Organophosphate extraction 
 
The first step of the sample preparation procedure was the removal of the external 
contamination from the hair matrix. Hair was washed twice in water and methanol for 
two minutes and dried in the oven at 38oC. Subsequently 200 mg of hair was weighed 
out and pulverized in a ball mill homogeniser. Pulverisation of the hair before 
methanolic extraction was necessary for optimal recovery of the target analytes.  

The powder was transferred in a test-tube with 2 ml of methanol and was incubated 
at 37oC overnight. The supernatant was transferred to a clean test-tube and methanol 
was evaporated to dryness under a gentle nitrogen stream. The residue was resuspended  
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in 2 ml of HPLC grade water and liquid-liquid extraction followed with 3 ml of ethyl 
acetate, twice. The combined organic phases were transferred to a clean test-tube and  
evaporated to dryness under nitrogen. The residue was resuspended in 50 µl of 100 
ng/ml 1,2,3,4-tetrachloronaphthalene (TCN) solution in hexane (external standard) and 
analysed by gas chromatography – mass spectrometry (GC-MS). 

  
Results and Discussion 
 
In the present study we assessed the present and past exposure to four currently used 
pesticides (diazinon, methyl parathion, malathion, fenthion), as well as to two banned 
ones that are still found as environmental pollutants and their metabolites (HCHs and 
DDTs) using hair analysis. 

The concentration of the detected HCHs was higher in the hair of the rural 
population, compared to the urban one, but they were detected in both population 
groups.DDTs were also detected in both groups at very similar concentration levels. 

No OPs were detected in the hair of urban population. Diazinon was detected in 
2.8% of the hair samples of rural population with concentrations ranging from 2.5 to 
5.8 pg/mg, malathion in 1.5% of the samples (5.1-8.4 pg/mg) and chloropyrifos in 2.4 
% of the samples (5.0-11.3 pg/mg). Methyl parathion, fenthion and dimethoate were 
not detected in any hair sample (Figure 1).  

It was observed that the large majority of the examined samples was negative for 
all of the examined analytes. This is a good indication that these pesticides either 
degrade fast in the environment and in the organism, or that there was insignificant 
exposure due to strict observation of the safety rules (respiratory masks, gloves, special 
clothing) during the manipulation or application of the pesticides. Also the 
concentrations detected in hair were close or below the quantitation limit achieved 
presently. For this reason, our next step is to focus to the determination of specific and 
non specific metabolites (dialkyl phosphates) of organophosphates pesticides in hair 
[31]  

A literature search revealed that not many published studies exist on the setection 
of pesticides in hair. In report by Liu and Pleil [14] it is stated that three OP pesticides 
were detected in hair, diazinon at a concentration of 20ng/g, chlorpyriphos at a 
concentration range of 33-700 ng/g and Malathion at concentration range of 7-24 ng/g. 

Ostrea and co-workers analyzed cord blood, infant hair and meconium samples 
simultaneously to determine the most sensitive matrix to detect antenatal pesticide 
exposure [32]. In this comparison analysis of infant hair, cord blood and meconium the 
authors reached the conclusion that meconium was the best matrix for this purpose.  

The pesticides under investigation were propoxur, diazinon, lindane, transfluthrin, 
malathion, chlorpyriphos, bioallethrin, pretilachlor, DDT, cyfluthrin and cypermethrin. 
Eight of these pesticides were detected in meconium with a frequency between 0.2 % 
for diazinon to 23.8 % for propoxur. Cord blood and infant hair were positive, each for 
a single pesticide, propoxur and chloropyrifos respectively. 
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All the above evidence suggests that among other uses, hair analysis despite the 

uncertainties that exist in the interpretation of the results in relation to the observed 
concentrations, gives valuable information about exposure to pesticides. 

 

 

 
 
Figure 1: Concentration range of the analyzed compounds in the hair of urban (non exposed) 

and rural (exposed) population of Crete 
 

 

References  

[1].   A.M. Tsatsakis, Judicial applications of hair testing for addicts in Crete: sectional hair analysis of heavy 
heroin abusers, J Clin Forens Med 5 (1998), 109-113. 

[2].    H. Baez, M.M.Castro, M.A. Benavente, P. Kintz, V. Cirimele, C. Camargo, C. Thomas, Drugs in 
prehistory: chemical analysis of ancient human hair, Forensic Sci Intern 108 (2000), 173-179. 

[3].   T. Mieczkowski, New Approaches in Drug-testing – A Review of Hair Analysis, Ann Am Acad Pol & 
Soc Sci 521 (1992),132-150. 

[4].    A.M. Tsatsakis, Th. Psilakis, M. Tzatzarakis, H. Kourtopoulos, N. Paritsis. Carbamazepine levels in the 
hair of patients under long-term treatment: A preliminary study, Clinica Chimica Acta  263(2) (1997), 
187-195.  



A. Tsatsakis et al. / Assessing Chronic Exposure to Anticholinesterase Pesticides by Hair Analysis        217 
 
[5].   T. Nakao, O. Aozasa, S. Ohta, H. Miyata, Assessment of human exposure to PCDDs, PCDFs and Co-

PCBs using hair as a human pollution indicator sample 1: development of analytical method for human 
hair and evaluation for exposure assessment ,Chemosphere 48 (2002), 885-896. 

[6].  K. Neuber, G. Merkel, F.E. Randow, Indoor air pollution by lindane and DDT indicated by head hair 
samples of children, Toxicol Let 107 (1999), 189-192. 

[7].  A. Covaci, P. Schepens, Chromatographic aspects of the analysis of selected persistent organochlorine 
pollutants in human hair, Chromatographia 53 (2001), 366-371. 

[8].  A. Covaci, M. Tutudaki, A. M. Tsatsakis, and P. Schepens, Hair analysis: another approach for the 
assessment of human exposure to selected persistent organochlorine pollutants, Chemosphere 46 
(2002), 413-418. 

[9].  E.M. Ostrea Jr., E. Villanueva-Uy, D.M. Bielawski, N.C. Posecion Jr., M.L. Corrion, Y. Jin, J.J. Janisse, 
J.W. Ager, Maternal hair - An appropriate matrix for detecting maternal exposure to pesticides during 
pregnancy, Environ Res 101 (2006), 312-322. 

[10].  K.-W. Schramm, T. Kuettner, S. Weber and K. Lutzke, Dioxin hair analysis as monitoring pool, 
Chemosphere 24 (1992), 351-358. 

[11].  T. Ohgami, S. Nonaka, F. Murayama, K. Yamashita, H. Irifune, M. Watanabe, N. Tsukazaki, K. 
Tanaka, H. Yoshida and Y. Rikioka,  A comparative study on polychlorinated biphenyls (PCB) and 
polychlorinated quaterphenyls (PCQ) concentrations in subcutaneous fat tissue blood and hair of 
patients with Yusho in Nagasaki Perfecture, Fukukoa Acta Med 80 (1989), 307-312. 

[12].  C. Dauberschmidt and R. Wennig, Organochlorine pollutants in human hair, J. Anal. Toxicol. 22 
(1998), 610-611. 

[13].  K.W. Schramm, Hair a matrix for non-invasive biomonitoring of organic chemicals in mammals, Bull. 
Environ. Contam. Toxicol. 59 (1997), 396-402. 

[14].  S. Liu and J.D. Pleil, Human blood and environmental media screening method for pesticides and 
polychlorinated biphenyl compounds using liquid extraction and gas chromatography-mass 
spectrometry analysis, J Chromatog B 769 (2002), 155-167. 

[15].  V. Cirimele, P. Kintz and B. Ludes, Evidence of pesticides exposure by hair analysis, Acta Clin. Belg. 
Suppl. 1 (1999), 59-63. 

[16].  N. Posecion Jr., E.M. Ostrea Jr., D.M. Bielawski, M.L. Corrion, J.J. Seagraves, Y. Jin, Detection of 
exposure to environmental pesticides during pregnancy by the analysis of maternal hair using GC-MS, 
Chromatographia 64 (2006), 681-687. 

[17].  A.M. Tsatsakis, G.K. Bertsias, I.N. Mammas, I. Stiakakis, D.B. Georgopoulos, Acute fatal poisoning 
by methomyl caused by inhalation and transdermal absorption, B. Environ. Contam. Tox. 66(4), (2001) 
415-420. 

[18].  A.M. Tsatsakis, M. Tutudaki, M.N. Tzatzarakis, K. Psaroudakis, G.P. Dolapsakis and M. 
Michalodimitrakis, Pesticide disposition in hair: Preliminary results of a model study of methomyl 
incorporation into rabbit hair, Vet. Hum. Toxicol. 40 (1998), 200-203. 

[19].  M.R. Harkey, Anatomy and Physiology of Hair, Forensic Sci Intern 63 (1993), 9-18. 
[20].  E.J. Cone, E.J. Welch, M.B. Grigson Babecki, Hair Testing for Drugs of Abuse: International Research 

on Standards and Technology, USA, National Institutes of Health, Rockville USA, 1995, 24-83. 
[21].  E.R. Laws, W.J. Hayes, Handbook of pesticide toxicology, San Diego, CA: Academic Press; 1991.  
[22].  D.J. Gubler, Resurgent vector-borne diseases as a global health problem, Emerg Infect Dis 4 (1998), 

442-450. 
[23].  D. Morgan, Pesticide Outlook 3 (1992), 24.  
[24].  A.M. Tsatsakis, M. Tutudaki, Progress in pesticide and POPs hair analysis for the assessment of 

exposure, Forensic Sci Int  145 (2004), 195-199. 
[25].  M.G. Margariti, A.K. Tsakalof, A.M. Tsatsakis, Analytical Methods of biological monitoring for 

exposure to pesticides: Recent update, Ther. Drug Monit. 29 (2007), 150-163. 
[26].  A.M. Tsatsakis, M.N. Tzatzarakis, M. Tutudaki, Pesticide levels in head hair samples of Cretan 

population as an indicator of present and past exposure, Forensic Sci. Int. 176 (2008), 67–71. 
[27].  M. Tutudaki, A.K. Tsakalof, A.M. Tsatsakis, Hair analysis used to assess chronic exposure to the 

organophosphate diazinon: a model study with rabbits, Hum Exp Toxicol 22 (2003), 159-164.   
[28].  M. Tutudaki, A.M. Tsatsakis, Pesticide hair analysis: Development of a GC-NCl-MS method to assess 

chronic exposure to diazinon in rats, J Anal Toxicol 29 (2005), 805-809. 



A. Tsatsakis et al. / Assessing Chronic Exposure to Anticholinesterase Pesticides by Hair Analysis        218 
 
[29].  DL. Hubbard, DG. Wilkins, DE. Rollins, The incorporation of cocaine and metabolites into hair: 

Effects of dose and hair pigmentation, Drug Metab Dispos 28 (2000), 1464–1469. 
[30].  A.M. Tsatsakis, A. Zafiropoulos, M. Tzatzarakis, G.N. Tzanakakis, A. Kafatos, Relation of PON1 and 

CYP1A1 genetic polymorphisms to clinical data in a cross-sectional study of a Greek population 
professionally exposed to pesticides, Toxicology Letters, (in press).  

[31].  M.G. Margariti, A.M. Tsatsakis, 2008. Assessment of chronic exposure to organophosphate pesticides 
by hair analysis of dialkyl phosphate metabolites using gas chromatography-mass spectrometry, 
Biomarkers (in press). 

[32].  J.E.M. Ostrea, D.M. Bielawski, Jr.N.C. Posecion, M. Corriona, E. Villanueva-Uyb, Y. Jina, J.J. 
Janissec, J.W. Ager,  A comparison of infant hair, cord blood and meconium analysis to detect fetal 
exposure to environmental pesticides, Environmental Research 106 (2008) 277–283. 
 


