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ABSTRACT 

Received: 28 February 2023 

This  review  evaluates  polychlorinated  dibenzo-p-dioxins  (PCDDs),  polychlorinated Revised: 20 July 2023 

dibenzofurans  (PCDFs)  and  dioxin-like  polychlorinated  biphenyls  (dl-PCBs)  analytical Accepted: 27 September 2023 

methods,  occurrence  and  concentrations  in  major  food  groups  from  studies  published Available online: 28 December 2023

worldwide over the last 20 years. The review reveals that in many developing countries the levels of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) plus  dl-PCBs  may  be  increasing  due  to  rudimentary  practices  during  thermal  process 

 Keywords: 

including  waste  incinerations,  metal  industries,  recycling  and  dumpsites.  The  review polychlorinated 

 dibenzo-p-dioxins 

 and 

heightened  the  need  to  develop  and  capacitate  laboratories  from  developing  world  for polychlorinated  dibenzofurans  (PCDD/Fs), PCDD/Fs plus dl-PCBs monitoring as most of the analysis were performed in laboratories dioxin-like  polychlorinated  biphenyls  (dl-from developed worlds even on sentinels from developing countries, especially those of PCB), food contamination, human exposure, Africa. The review concluded that further data still need to be generated from other regions risk assessment 

to complete the chemical inventories. It was concluded that, strict environmental controls of  PCDD/Fs  plus  dl-PCBs  emissions  remain  a  priority,  however  reduction  of  these contaminants require global monitoring coordination. 

1. INTRODUCTION

physiological processes that adversely affect the liver, kidneys, neurological  system,  and  endocrine  system  [8,  9].  The The 

polychlorinated 

dibenzo-p-dioxins 

(PCDDs), 

International  Agency  for  Cancer  Research  (IARC)  had polychlorinated  dibenzofurans  (PCDFs)  and  dioxin-like concluded that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is polychlorinated  biphenyls  (dl-PCBs)  are  well-known the most toxic and carcinogenic congener to humans [10]. This environmental  and  food  contaminants  that  are  highly  toxic toxic  conger  (2,3,7,8-TCDD),  is  also  found  as  a  major persistent organic pollutants capable of resisting degradation contaminant in herbicide 2,4,5 trichlorophenoxy acetic acid (2, in  the  environment.  PCDD/Fs  are  produced  unintentionally 4,  5-T)  [11].  PCDD/Fs  plus  dl-PCBs  have  also  been during  combustion  processes  or  production  of  chlorine-discovered mostly in human breast milk and free-range eggs, containing 

materials, 

such 

as 

plastics. 

Whereas 

because  PCDD/Fs  plus  PCBs  in  human  milk  are  a  good polychlorinated  biphenyls  (PCBs)  are  man-made  products reflection  of  the  body  burden,  as  human  blood  and  adipose found in applications such as dielectric fluids in transformers tissue  concentrations  are  closely  similar  while  chicken  eggs and  capacitators,  additives  in  lubricating  fluids,  adhesives, are one of the most important components of the human diet building sealants, fire-proofing agents, plasticizers, paints, and 

[12]. Eggs have different exposure pathways such as soil, feed, ink  products  [1-3].  According  to  the  study  [4],  humans  are animal  bedding  as  well  as  specific  point  sources  on  a  farm. 

exposed  to  Persistent  organic  pollutants  (POPs)  through  a They are seen as sensitive indicator of PCDD/Fs plus PCBs variety of routes, including inhaling air, ingestion of food and contamination in soil and are an important exposure pathway non-food items, and dermal contact. PCDD/Fs plus dl-PCBs from soil contamination to human. Daily consumption of one are mainly ingested through foods that are rich in fat, such as egg can reach the EU regulatory limit, exceeding the tolerable eggs, fish, meat, and meat fat, as well as dairy products that daily intake (TDI) of 2pg TEQ/kg body weight for children set have a high lipophilicity [5]. Thus, compilation and evaluation by the WHO [7, 13]. 

of data on the levels and occurrence of PCDD/Fs plus dl-PCBs Although much effort has been made to monitor and reduce in major food of animal origin is required. 

the  levels  of  PCDD/Fs  plus  dl-PCBs  in  these  different  food PCDD/Fs plus dl-PCBs are usually low in fruits, vegetables, groups, it remains an important question to which extent this nuts, and cereals, but their high consumption rate can lead to is possible at the general level of exposure. For decades, dioxin foodborne exposure of these pollutants [6, 7]. PCDD/Fs plus contamination incidents of feeds and foodstuffs have severely dl-PCBs in food remains a health risk as they are known to act impacted  the  environment  and  human  health  not  only as  a  risk  factor  for  the  tumor  promotion  and  alter  several economically  but  also  environmentally  and  socially  [8]. 
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Although  several  reports  have  reviewed  pollution  status, since the total population could not be confirmed. 

analytical  methods,  environmental  fate,  and  body  burdens associated  with  PCDD/Fs  plus  dl-PCBs  [14-16],  a comprehensive review is still required on the occurrences and levels of PCDD/Fs plus dl-PCBs across different food groups in different regions. It is on this premise that this study reviews and discusses the current state (levels and exposure assessment) of  knowledge  on  PCDD/Fs  plus  dl-PCBs  in  different foodstuffs  and  compares  the  dietary  exposure  and  risk assessment in different regions. The objective of this review is to  evaluate  the  latest  data  on  PCDD/Fs  and  dl-PCB 

contamination  across  the  global  food  supply  and  discuss implications for dietary exposure and mitigation of long-term health risks. 





Figure 1.  Number of publications used from different regions 2. METHODOLOGY 



The search for scientific literature used in this review was obtained from online database from ScienceDirect, PubMed, Web of Science, Scopus,  ResearchGate, and Google Scholar covering studies published from 2000 till 2023. The searches were restricted to only  publication types in English language such as articles, journals, books, and conference papers. The following search terms were combined in Boolean operators like  “AND”  and  “OR”:  PCDDs,  or  PCDFs,  or  analysis,  or concentration,  or  dl-PCB,  or  food  stuff  or  food  products  or exposure. The data was considered when it met the following criteria:  (1)  data  was  published  in  English;  (2)  data  was published  in  a  scientific  journal;  and  (3)  it  referred  to  the occurrence of PCDD/Fs in different foodstuff or products (i.e., free  range  chicken,  eggs,  cattle’s,  goats/sheep’s,  pigs,  and breast  milk  and  the  data  was  published  from  year  2000 

onwards). 

A total of 4,350 articles were found online with the search 

“polychlorinated dibenzo dioxins and dibenzo furans”. These publications  were  screened  by  reviewing  titles,  abstracts and/or full texts to determine which studies met the inclusion criteria.  Of  the  4,350  articles  found,  133  articles  fitted  the criteria  above  with  published  data  from  mostly  developed countries (i.e., USA, Canada, and western Europe) and China contributing the highest from the developing world (Figure 1 

and Figure  2). The screening,  selection and resolving of any uncertainties was conducted. Other than the above-mentioned criteria,  the  inclusion  criteria  used  also  included:  research articles were given high preference over case studies, sample type (e.g., food products for human consumption), the target population,  demographic,  and  geographic  characteristics (specific  location  where  data  was  collected)  and  PCDD/Fs plus 

dl-PCBs 

analysis 

methodology 

(e.g., 

use 

of 



quantification). Exclusion criteria applied to articles that were not in English, not within the chosen date of publication and Figure 2.  Study selection process and numbers of studies/ 

area  of  study,  and  to  articles  with  data  suspected  to  be data included 

inaccurate, biased,  or  inconsistent.  Data  extracted from  each study  included,  e.g.,  study  location,  food  types,  analysis methods,  PCDD/F  and  dl-PCB  levels,  and  estimated  daily 3. PCDD/FS  SAMPLING,  EXTRACTION,  CLEAN-UP, intake  (EDI)  on  PCDD/Fs  levels  in  different  food  groups. 

AND INSTRUMENTAL ANALYSIS 

There  was  no  bias  given  to  any  publication,  and  all publications  were  assessed  and  screened  using  the  same 3.1 Eggs 

criteria listed above. Caution was observed when comparing 

 

the results as different approaches were used for the collection Studies concerning analysis of foodstuff sentinels refers to of samples from foodstuffs. Few challenges were encountered eggs, fish, breastmilk, meat products as presented in Table 1. 

as  some  studies  did  not  mention  the  number  of  samples Eggs  were  collected  from  different  hen  farms  such  as  free-collected, which made inter-comparison of studies challenging range  chickens,  caged  chickens,  barn  chickens  and  organic chickens  [17-20].  Whole  egg  and  egg  yolk  were  mainly 216

analyzed for PCDD/Fs in eggs [10, 18, 21]. In these studies, The participants in these studies were between 20 - 40 years of eggs  were  collected  and  immediately  transported  to  the age, non-smokers and had lived in the respective areas for at laboratory.  Egg  samples  were  hard-boiled,  frozen  until least  4  years.  Extraction  solvents  were  exchanged  to  hexane analysis.  The  samples  were  normally  homogenized,  mixed and  the  fat  content  was  gravimetrically  determined  after with  anhydrous  sodium  sulphate  at  ratio  1:2  and  then  re-drying  [29-31].  A  mixture  of  13C12-PCDD/F  standards  was homogenized  [21-23].  The  samples  were  spiked  by  internal spiked  to  control  potential  losses  during  the  extraction  and standards and extracted by toluene in a Soxhlet apparatus and clean-up processes. The clean-up procedure and fractionation dried with anhydrous sodium sulphate. The samples were then were carried out by adsorption chromatography in a multi-step cleaned  on  a  silica  gel  column  and  further  purified  and procedure using silica and alumina columns [31, 32]. Lipids fractionated  on  an  activated  carbon  column.  The  fraction were  removed  in  a  silica  gel  column  with  sulfuric  acid  and containing PCDD/Fs, were analyzed by HR GC-MS.  

initially purified on an activated carbon column. The PCDD/Fs 

 

fraction was collected and concentrated to near dryness with a 3.2 Breast milk 

nitrogen  flux.  Finally,  25μL  of  13C12-PCDD/F  injection 

 

standards  were  added.  After  drying  and  extraction  with Breast  milks  were  collected  from  mothers  recruited  while accelerated  solvent  extraction  (ASE)  the  samples  were attending  breastfeeding  clinics  [24-27].  Approximately,  30  - 

purified  and  analyzed  for  PCDD/Fs  [33].  The  determination 60mL  of  breastmilk  was  collected  from  donors  in  a  clean and quantification of PCDD/Fs congeners were performed by polypropylene container, transferred to the laboratory as soon the Micromass Autospec Ultima system equipped with 7890A as possible under cooling conditions. Once in the laboratory, gas  chromatograph  using  the  DB-5MS  capillary  column the  samples  were  stored  at  -18℃  until  further  analysis  [28]. 

(60m×0.25mm I.D, 0.25μm film thickness) [31, 34]. 

 

Table 1. Summary of analytical methods for the detection of PCDD/Fs in different matrices (compiled by the authors) Instrumental 

Matrix 

Extraction 

Solvent 

Clean-up 

Recoveries 

Reference 

System 

Toluene in a 

Multilayer silica 

GC/MS 

DCM:n-hexane 

Eggs 

Soxhlet 

column and AIOx 

Finnigan MAT 

60%-120% 

[10] 

(1:1, v/v) 

apparatus 

column 

95 

Multistage column 

Organic solvents 

Toluene in a 

chromatography 

and 

Eggs 

Soxhlet 

using a modified 

HRGC/HRMS 

60%-120% 

[35] 

chromatographic 

apparatus 

silica gel, Florisil 

sorbents 

and Carbopack C 

Activated carbon 

Toluene in a 

column (AX-21 

Eggs 

Soxhlet 

1:1 Hexane: Ethanol 

Anderson 

HRGC/HRMS 

70%-125% 

[20] 



apparatus 

Development Co.), 

multi-Iayer column 

5mL of 1:1 (v/v) 

Toluene in a 

Dichloromethane/ 

Dichloromethane 

Eggs 

Soxhlet 

hexane solution and 

HRGC/HRMS 

89% 

[36] 

(1:1) 

apparatus 

500 µL of 1:250 

clean-up standard 

Column 

Human 

Accelerated 

chromatography 

DCM:n-hexane 

Breast 

Solvent 

with activated 

HRGC/HRMS 

89% 

[37] 

(1:1, v/v) 

Milk 

Extraction 

Florisil (60 - 100 

mesh) 

Multilayer silica, 

Accelerated 

Mixture acetone: n-

alumina and PX-21a 

GCQ qQ 

Milk 

Solvent 

hexane (1/1, v/v) 

carbon adsorbents 

(MS/MS) and 

65% 

[36] 

Powder 

Extraction 

mixture 

respectively in a 

GC-HRMS 

Power-Prep system 

Feed 

Accelerated 

DCM:n-hexane 

(Corn 

Solvent 

Silica gel column 

HRGC/HRMS 

75% 

[38] 

(1:1, v/v) 

Silage) 

Extraction 

CIam or 

Accelerated 

DCM:n-hexane 

Silica gel 60 A and 

89% and 

Crab 

Solvent 

HRGC/HRMS 

[39] 

(1:1, v/v) 

hexane (HEX) 

78% 

Tissue 

Extraction 

Multilayer silica gel 

column contained 

5g of sodium 

Pressurized 

Yellow 

sulphate, 5g of 

72.5% and 

Liquid 

150 mL of hexane 

HRMS 

[40] 

Eel 

silica gel, 20g of 

97.7% 

Extraction 

44% sulphuric acid 

silica gel, and 20g 

of 22% 
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3.3 Fish 

isotopic  forms  of  the  elements  due  to  their  differences  in 

 

atomic mass. To improve the accuracy on the results, GC-API-After fish collection, samples were normally wrapped with MS is the new analytical tools that has been recently employed aluminum foil  and  transferred  into  the  laboratory  as  soon  as for all these food analytical challenges, especially food safety possible  under  cooling  conditions.  Once  in  the  laboratory, and metabolomics [49]. The low established minimum residue species  were  measured  for  length,  weight,  and  sex.  Muscle limits  (MRLs)  of  these  contaminants  in  foods  require  very tissues  were  dissected,  weighed,  wrapped  in  aluminum  foils sensitive  analytical  methods  to  determine  the  occurrence  of and  stored  at  -20℃  until  further  analysis  [38,  41-45].  Fish these  compounds.  For  this  reason,  GC-API-MS  is  becoming samples  were  grinded  and  freeze-dried  for  36  hours  at  60℃ 

an alternative to the conventional GC-HRMS methods. One of under  pressure  of  10.66Pa  until  constant  mass  [46]. 

the most common applications of GC-API-MS in food safety Subsequently, the samples were homogenized, stored at room is  the  determination  of  POPs  (i.e.,  list  the  POPs  analyzed) temperature  and  protected  from  light  and  heat.  PLE  and residues in different foodstuffs, to monitor the responsible use Soxhlet  were both used  for  the  extraction  of  PCDD/Fs  from of these products and ensure the safety of the final product for fish samples Table 1. For the PLE extraction, a given mass of the consumers [50]. This method is not currently available in lyophilized fish (equivalent to 20.0g of wet weight) was placed developing  countries  due  to  costs  and  lack  of  funding. 

in  a  34mL  cell  and  spiked  with  the  13C-labeled  standards Countries who are using GC-APCI-MS has reported that it is (50mL of a solution prepared from a 100-fold dilution of the a  reliable  replacement  for  conventional  GC-MS  approaches EDF-8999  stock  solution  with  nonane).  A  silica-gel  column since  it  significantly  improves  the  selectivity  as  well  as  the was  made  by  adding  sequentially  the  following  stationary sensitivity of the methodologies. 

phases  into  a  glass  cylindrical  tube  (25mm  diameter,  25cm height): 30g of acidic silica-gel (roughly 10cm-long layer) and 3g  of  silica-gel  activated  overnight  at  130℃  (roughly  1cm 4. OCCURRENCES  OF  PCDD/FS  PLUS  DL-PCBS  IN 

long  layer).  Acidic  silica-gel  was  prepared  by  mixing VARIOUS FOODSTUFF 

concentrated H2SO4 (95% w/w minimum) and activated silica-gel in a proportion of 3:2 w/w. The column was conditioned PCDD/Fs  plus  dl-PCBs  are  persistent  in  the  environment, with 50mL of n-hexane [41, 45-47].  

can bio-magnify in the food chain and bio-accumulate in the tissues of living organisms [47, 51]. Consumers may be at risk 3.4 Quality assurance and control 

through  dietary  exposure  to  PCDD/Fs  through  ingestion  of 

 

contaminated  food  [52].  As  a  result  of  the  risk  identified  in Several steps were taken to obtain data that would allow an PCDD/Fs  plus  dl-PCBs  exposure,  scientists  and  regulatory assessment of the accuracy and reliability of the data e.g., use agencies have assigned toxic equivalent factors (TEFs) to each of  surrogate  and  internal  standards,  instrument  calibration, PCDD/Fs  plus  dl-PCBs  based  on  comparisons  with  2,3,7,8-blank  analysis,  spike  recovery  tests,  reproducibility  tests. 

tetrachlorodibenzo-p-dioxin 

(TCDD). 

In 

1990, 

the 

PCDD/Fs  and  PCBs  data  were  corrected  using  twenty-one international toxic equivalency factors (I-TEFs) for PCDD/Fs (21)  13C12-labelled  PCDD/Fs  and  PCBs  isotope  dilution were  established  and  adopted  by  the  World  Health standards.  Analytical  blanks,  consisting  of  solvent  and Organization (WHO) in 1998 and modified or revised in 2005 

recovery standards were included and analyzed after every 12 

[51,  53,  54].  The  most  recent  toxicological  and  occurrence samples. The method detection limit was calculated as 3 times data  in  food  and  feed  prompted  the  European  Food  Safety the  standard  deviation  of  the  concentrations  found  in  the Authority (EFSA) to reduce the tolerable weekly intake (TWI) analytical  blanks.  If  the  concentrations  in  the  blanks  were for  PCDD/Fs  plus  dl-PCBs  sevenfold  to  2pg  WHO2005-below  the  instrumental  detection  limit,  then  the  method TEQ/kg  bw/week  [55],  suggesting  a  tolerable  daily  intake detection  limit  was  defined  as  equal  to  the  instrumental (TDI)  of  0.25pg  WHO2005-TEQ/kg  bw/day.  Although detection  limit.  All  results  were  blank  corrected  using  the polybrominated  diphenyl  ethers  (PBDEs)  and  biphenyls  and concentration of the field blanks. Field blanks were produced mixed  halogenated  congeners  all  share  many  aspects  of for each site and each quarter, and they were used to calculate toxicity and the ability to bind to AH receptor they still lack method detection limits (MDLs). When compounds were not TEF  values  and  have  insufficient  data.  The  concentrations detected  in  the  field  blanks,  laboratory  blanks  produced  for discussed in this section are reported using the WHO2005-TEFs. 

each quarter were used to estimate MDLs. Certified materials A schematic diagram showing the human health exposure of were  analyzed  in  some  of  the  articles  using  comprehensive PCDD/Fs through foodstuff is presented in Figure 3. 

multi-dimensional  gas  chromatography  (GC×GC),  gas chromatography combined with low resolution ion-trap mass 4.1 Chicken eggs 

spectrometry  (GCLRMS/MS),  the  CALUX  bioassay  and  an 

 

Ah-PCR technique. 

Chicken eggs are one of the most important components of the human diet due to their nutritional benefit toward human 3.5 Summary 

health [20]. This demand has led to eggs produced by organic 

 

and free-range housing systems due to sustainability reasons There is growing need to develop sensitive, selective, and and  consumers’  awareness  about  protection  of  farm  animal reliable analytical methods for the determination of PCDD/Fs welfare [56-58] to increase. Due to soil foraging, studies report plus  dl-PCBs  in  foodstuff  at  trace  levels,  especially  in higher PCDD/Fs plus dl-PCBs concentrations in these eggs as developing 

countries 

[48]. 

Gas 

chromatography 

in 

compared  to  those  from  cage  or  barn  eggs  [7,  35,  59-62]. 

combination  with  high-resolution  mass  spectroscopy  or Summary  of  PCDD/Fs  plus  dl-PCBs  concentrations  in tandem  mass  spectroscopy  were  used  for  PCDD/Fs  plus  dl-different eggs from different studies is presented in Figure  4. 

PCBs analysis in foodstuffs [27, 36, 40]. The advantage of the The concentration of PCDD/Fs around the globe showed that mass  spectrometer  is  its  ability  to  distinguish  between  the eggs from Agbogbloshie, Accra were the most contaminated 218
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with concentration up to 661pg WHO2005 total toxic equivalent p-dioxin (TEQ) in egg samples ranging up to 245pg TEQ/g lw (TEQ)  g-1  fat  [62].  The  detected  concentration  exceeded  the in eggs from Dong Nai province, Vietnam. The concentrations EU  regulatory  limit  of  2.5pg  WHO2005TEQ  g-1  fat  260-fold. 

were >72 times the regulatory limit as set by EU Commission The  dl-PCBs  were  detected  at  concentration  of  195pg regulation 1259/2011. Traag et al. [63] measured 214pg TEQ 

WHO2005TEQ g-1 fat. The sum concentration of PCDD/Fs plus g-1 in Netherlands and while Petrlik et al. [67] measured 249pg dl-PCBs was 856pg WHO2005TEQ g-1 fat which exceeded the TEQ  g  -1  in  Bien  Hoa.  Both  the  researches  had  PCDD/Fs  at sum  PCDD/Fs  plus  dl-PCBs  171.2-fold  [62].  The  site  was above  99  times  the  regulatory  limit  [63,  67].  In  both  these influenced  by  rudimentary  e-waste  activities  around  the studies, TCDD was the major congener, while Petrlik et al. [67] 

landfill site [62]. General population especially young children measured 182pg TEQ g-1 in China. Both Rusin et al. [68] and consuming contaminated eggs can easily exceed health-based González et al. [69] found that out of all food items analysed, standards and may be subject to high exposure levels. With the chicken  eggs  exhibited  a  higher  prevalence  of  PCDD/Fs consumption of a single hen’s egg (avg. 7 g fat) per day, a 4 - 

contamination. 

The 

lowest 

concentrations 

(≤2.5pg 

5-year-old  child  (weighing  16  kg)  would  exceed  the  TDI  of WHO2005TEQ g-1 fat) of PCDD/Fs were reported in eggs from 2pg  TEQ/kg  bw,  even  if  the  egg  complied  with  the  EU 

Germany;  Kumasi,  Ghana  [62],  Turkey  [21],  Southern  Italy regulatory limit for eggs of 5pg PCDD/F–PCB-TEQ/g fat [7]. 

[70], Spain and Finland [71],  Tuscany [72], Italy, Campania Eggs  consumed  in  Vietnam  were  also  found  to  be region [73] and Accra, Ghana [74], with concentrations of 2.5 

contaminated with PCDD/Fs [20, 63, 64]. Kudryavtseva et al and 0.39pg WHO2005-TEQ g-1 fat [62], respectively. In a total 

[20] 

reported 

PCDD/Fs 

concentrations 

of 

361pg 

diet  study  from  Sub-Saharan  Africa  (comprising  of  Benin, WHO2005TEQ g-1 fat in eggs collected from Buu Long district, Cameroon,  Mali,  and  Nigeria)  the  sum  concentration  of Vietnam.  The  reported  concentration  was  >140  times  above PCDD/Fs plus dl-PCBs in eggs of 0.39pg WHO2005-TEQ g-1 

the  EU  regulatory  limit.  The  suspected  source  of  PCDD/Fs fat was reported [75]. This value was lower than the maximum was the impact long-term use of Agent Orange [11, 20]. The permissible  level  in  eggs  set  by  EU.  In  the  same  study,  the major congener in their study was found to be 2,3,7,8-TCDD 

concentrations of ndl-PCBs of 64 ng g-1 ww [75] was reported (TCDD)  which  was  identified  as  the  major  contaminant  in which was above the maximum 40 ng g-1 ww set out by the herbicide  2,4,5-trichlorophenoxy  acetic  acid.  This  exposure EU.  The  PCDD/Fs  plus  dl-PCBs  concentration  in  eggs poses a very high risk to humans because long-term exposure, detected from Luqiao was 2.8pg WHO2005-TEQ g-1 ww while even at very low doses, can increase the risk of adverse health in Yuhang their concentration was 0.69pg WHO2005-TEQ g-1 

effects,  such  as  hormonal  imbalances,  immunological ww [76]. The major sources of these pollutants where e-waste disorders, reproductive disorders, and cancer [55]. In Taiwan, recycling  in  Luqiao  while  in  Yuhang  the  sources  was the  research  [65]  determined  the  background  levels  of suspected to be agricultural activities [76]. The high level of PCDD/Fs  in  duck  eggs  and  determined  the  highest  PCDD/F 

PCDD/Fs from free range eggs provokes a question of possible concentration  of  1.956pg  WHO-TEQ/g  fat.  Recently, sources i.e., feed, soil, air and bedding which need to be strictly Castellani et al. [66] measured the concentrations of PCDD/Fs regulated  to  reduce  the  contamination  in  eggs.  Tracking  the (and  PCBs)  in  free-range  eggs  from  Central  Italy  and source of PCDD/Fs in eggs can be easily done by comparing discovered the concentrations of ∑PCDD/Fs (plus DL-PCBs) the  fingerprints  of  congeners  in  eggs  to  those  found  in  the ranged between 0.463 and 8.028pg TEQ/g fat. 

suspected sources. The tracking and comparison could not be Comparative  levels  were  found  by  Traag  et  al.  [63]  who conducted in this review as the data from other environmental measured 249pg TEQ g-1 in Bien Hoa, Vietnam. Nghiem et al. 

matrix  was  not  available;  however,  PCDD/Fs  plus  dl-PCBs 

[64] reported a toxic equivalent to 2,3,7,8-tetrachlorodibenzo-exposure in eggs is still high. 





 

Figure 3.  Schematic diagram showing exposure of PCDD/Fs plus dl-PCBs to humans through food 219
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Figure 4.  PCDD/Fs concentrations in chicken eggs in pg WHO2005-TEQ g-1 fat Note: n=number of samples; NR=not reported 

 

 

 

Figure 5.  PCDD/Fs concentrations in cattle, sheep, pork and goats in pg WHO-TEQ g-1 fat Note: n=number of samples; NR=not reported 220

4.2 Cattle/Goats/Sheep/Pork and products concentration  was  below  the  maximum  limit  of  2.5pg 

 

WHO2005TEQ  g-1  fat.  Pizarro-Aránguiz  et  al.  [86]  reported Feeds  and  free-range  grazing  animals  are  the  most PCDD/Fs  levels  in  dairy  products  from  Chile  from  2011  - 

important  source  of  PCDD/Fs  plus  dl-PCBs  [7,  75-77]. 

2013  period.  The  highest  PCDD/Fs  concentration  of  0.32pg PCDD/Fs plus dl-PCBs accumulates in the fatty tissues of the WHO2005TEQ g-1 fat was detected in 2012 while the highest animals and have been detected in meat and milk [76]. Figure dl-PCBs of 0.17pg WHO2005TEQ g-1 fat were detected in 2011, 5 presents the concentrations of PCDD/Fs plus PCBs in cattle, both  concentrations were below the maximum limit.  In milk sheep,  pork  and  goats.  Malisch  [78]  detected  PCDD/Fs samples  from  Belgium,  Windal  et  al.  [87]  reported  a  sum contamination in meat samples and found 2,3,7,8-TCDD and concentration of PCDD/Fs plus dl-PCBs of 1.74pg WHO2005-1,2,3,7,8-PeCDD  as  major  congeners  in  beef  samples.  They TEQ g-1 fat and this was below the maximum limit of 5.5pg detected  PCDD/Fs  concentration  ranged  between  1.72  and WHO2005-TEQ g-1 fat. In turn, Zhang et al. [88] measured the 4.26pg I-TEQ g-1 fat (background contamination of 0.53pg I-concentrations  of  PCDD/Fs  in  meat  and  detected  a  highest TEQ  g-1  fat)  [78].  In  the  Island  of  Curaçao,  adipose  tissue, concentration  of  0.17pg  TEQ/g  fw.  Wu  et  al.  [89]  also meat and livers of pigs, cows, sheep, and goat were monitored measured  the  PCDD/Fs  plus  dl-PCBs  levels  and  congener for PCDD/Fs [9]. Median (range) concentrations (pg I-TEQ g-profiles  in  beef  and  pork  samples  from  the  Guangdong 1) of PCDD/Fs plus dl-PCBs was 0.9 (0.3 - 35), 3.0 (0.5 - 14), Province.  They  determined  the  median  total  PCDD/Fs+dl-5.7 (0.3 - 28), and 6.5 (0.5 - 134) for pigs, cows, sheep, and PCBs  concentration  of  0.174,  and  0.113pg  TEQ/g  fw, goats  were  reported  respectively  [9].  The  highest respectively.  San  Martin  et  al.  [90]  measured  the  levels  of concentration from all the monitored samples had a maximum PCDD/Fs plus dl-PCBs in samples of meat of bovine, pork and limit of 4pg I-TEQ g-1 fat exceeded between 3.5-fold for cows ovine collected from 10 Chilean regions. They measured the and  33.5-fold  for  goats  [9].  In  the  same  study,  the highest  mean  concentrations  of  PCDD/Fs  of  0.54pg  WHO-concentrations  of  ndl-PCBs  ranged  from  1  -  281  ng  g-1  fat TEQ/g  fat  in  all  the  samples  collected.  Barone  et  al.  [8] 

(median: 14 ng g-1 fat) which exceeded the maximum limit of determined the levels of PCDD/Fs (and PCBs) in beef, pork 40 ng g-1 fat 7-fold [9]. The higher range was found to have from Italian supermarkets and measured the lowest levels of exceeded the maximum limit of 2.5pg I-TEQ g-1 fat nearly 2-PCDD/Fs  in  pork  sausage  samples  of 20.1pg/g  lipid  weight. 

fold. 

Based  on  this  review,  many  food  contaminations  have Other studies reported the concentrations of PCDD/Fs plus occurred  in  recent  decades  and  more  legislative  measures  is PCBs,  in  animal  milk  around  the  globe.  Esposito  et  al.  [79] 

needed to reduce the occurrence of these contaminants in the reported the levels of PCDD/Fs in sheep milk from Campania environment and to comply with food safety limits. As a result, Italy  and  detected  a  concentration  ranging  between  3.89  - 

continuous monitoring of these contaminants in food remains 12.90pg 

WHO2005TEQ  g-1  fat  [79].  The  detected necessary to reduce exposure risks to humans and assess the concentrations  exceeded  the  maximum  level  (2.5pg trends.  However,  a  gradual  decline  in  dietary  exposure  has WHO2005TEQ  g-1  fat)  set  by  EU.  In  another  study,  the been noted in cattle, sheep, pork, and goat’s products since the PCDD/Fs  concentration  in  sheep  milk  were  below  the launch of EFSA in 2018. 

maximum  limit  set  by  EU  while  the  dl-PCBs  concentration was 3.69pg WHO2005TEQ g-1 fat [80]. The ndl-PCBs had the 4.3 Fish and fish products 

mean  concentration  of  4.92  ng  g-1  fat  which  was  below  the 

 

maximum level of 40 ng g-1 fat [80]. In sheep milk sampled The consumption of fish is known to have several benefits from the farms near incineration plants in Tuscany Italy, the such as aiding infant development, correcting unbalanced diet PCDD/Fs concentration and dl-PCBs detected were between and countering obesity [91, 92]. Studies from around the world 0.71 - 2.9pg WHO1998TEQ g-1 fat with a mean concentration have reported significant levels of environmental pollutants in of  1.45pg  WHO1998TEQ  g-1  fat  [72].  In  Germany,  Bruns-fish tissues [44, 47, 92-94]. The human exposure to POPs such Weller et al. [81] investigated the PCDD/Fs plus dl-PCBs in as PCDD/Fs and PCBs in fish need to be monitored as these sheep livers and found the median concentrations of 33.9, pg compounds  are  known  to  accumulate  in  fish  and  shellfish WHO2005-TEQ  g-1  fat.  The  concentrations  exceeded  the tissues. Blanco et al. [95] reported the levels of PCDD/Fs plus maximum  limit  of  10pg  WHO2005-TEQ  g-1  by  3-fold  [81]. 

dl-PCBs  in  fish,  seafood,  and  fish  products  in  Spain.  In  fish Konuspayeva  et  al.  [82]  reported  that  the  concentration  of oils, the concentration ranges of 3.3 - 30.7pg WHO2005TEQ g-PCDD/Fs in camel milk from the Republic of Kazakhstan was 1  fat  were  reported  for  PCDD/Fs  plus  dl-PCBs,  while  the 1.7 ± 0.7 ng g-1 fat, with a median of 1.5 ng g-1 fat and a range concentration ranges of <LOD  - 1.7pg WHO2005 TEQ g-1 fat of  0.3-4.2  ng  g-1 fat.  Additionally,  the  ratio  of  NDL-PCB  to for PCDD/Fs plus dl-PCBs were reported in seafood products. 

DL-PCB  (4.3)  in  camel  milk  was  comparable  to  the  levels Costopoulou et al. [44] assessed the levels of PCDD/Fs plus reported  in  the  European  Union  for  dairy  products  derived dl-PCBs  in  farmed  fish  produced  from  Greece.  The  mean from  cows  [82].  Kim  et  al.  [83]  reported  a  mean  PCDD/Fs concentrations of 0.88, 0.68 and 0.43pg WHO2005TEQ g-1 ww concentration  of  0.65pg  WHO2005TEQ  g-1  fat  in  milk  from were  detected  in  sea  bream,  sea  bass  and  rainbow  trout, Republic  of  Korea.  While  Kim  et  al.  [84]  investigated respectively  [44].  For  non-dioxin-like  polychlorinated PCDD/Fs in pork samples from Chile and found concentration biphenyls  (ndl-PCBs),  they  detected  8.02  ng  g-1  ww  in  sea levels  of  up  to  36.7pg  TEQ  g-1  fat  with  2,3,4,7,8-PeCDF, bream,  5.24  ng  g-1  ww  in  sea  bass  and  2.90  ng  g-1  ww  in 1,2,3,4,7,8-HxCDF,  1,2,3,6,7,8-HxCDF,  and  2,3,4,6,7,8-rainbow trout. The concentrations were below the maximum HxCDF reported as major congeners in all samples. 2,3,4,7,8-level  as  set  by  the  EU  [44].  Hasegawa  et  al.  [96]  analyzed PeCDF  showed  the  highest  concentration  and  contributed PCDD/Fs plus dl-PCBs in 41 fish oil samples and detected the about 30% among the congeners in most of the samples [84]. 

mean TEQ concentrations of 2.6 and 9.9pg WHO1998-TEQ g−1 

In Brazil, Rocha et al. [85] reported PCDD/Fs concentration ww 

in 

PCDD/Fs 

and 

dl-PCBs, 

respectively. 

The 

of  1.36pg  WHO2005TEQ  g-1  fat  in  cow  milk  with  octa-concentrations  exceeded  the  maximum  levels  for  both chlorinated  dioxin/  furan  as  a  major  congener.  The  mean PCDD/Fs and sum of PCDD/Fs plus dl-PCBs. 
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Mikolajczyk  et  al.  [97]  investigated  PCDD/Fs  and  PCBs PCDD/Fs  plus  dl-PCB  is  found  to  be  through  food  supply, contamination  in  freshwater  fish  and  found  the  PCDD/F 

mainly eggs, meat, dairy products, fish and shellfish. However, concentration  of  3.5pg  WHO2005-TEQ  g−1  ww  and  6.5pg due to aggressive legislative controls implemented PCDD/Fs WHO2005-TEQ  g−1  ww  of  dl-PCBs.  The  most  dominant plus dl-PCBs concentrations in fish is slowly declining. This congeners  in  PCDD/F  samples  were  2,3,7,8-TCDF  and review shows that the PCDD/Fs plus dl-PCBs concentrations 2,3,4,7,8-PeCDF except in Cracow where 1,2,3,4,7,8-HxCDF 

in  fish  and  fish  products  from  different  geographical  origin was dominant and in dl-PCB samples PCB 118 dominated in show clear variations that are not only related to consumption fish muscles [97]. In fish samples purchased in Southern Italy but  also  to  different  legislative  controls.  According  to  the supermarkets  [98]  reported  the  PCDD/Fs  plus  dl-PCBs  sum European  Food  Safety  Authority  (EFSA),  2pg  WHO-2005-concentration  of  0.28pg  WHO2005-TEQ  g-1  ww  which  was TEQ per kg body weight (BW) per week is a tolerable weekly below the maximum limit in fish. In the same study, the sum intake (TWI) [55]. A significant lack of data on dioxin and dl-concentration of 0.01 and 0.03pg WHO2005-TEQ g-1 ww were PCB concentrations is observed from Africa and Oceania due reported  in  cephalopods  and crustaceans,  respectively  which to lack of studies conducted, and so data from those countries were  both  below  the  maximum  limit.  Also,  the  sum  of  six is needed for future evaluations. In the meantime, prevention PCBs (fish: 0.07 - 16.7 ng g−1 ww; cephalopods: 0.05 - 0.21 ng or reduction of human exposure to such contaminants can be g−1 ww; crustaceans: 0.07  - 0.57 ng g−1 ww) were below the best  done  by  reducing  the  release  of  contaminants  from level prescribed by the legislation in all the species tested [98]. 

source-directed  measures  by  means  of  strict  control  of Zhang  et  al.  [88]  measured  the  concentrations  of  PCDD/Fs industrial  processes  to  reduce  formation  of  PCDD/Fs  and (also  DL-PCBs)  in  aquatic  foods,  and  detected  the  highest PCBs. 

values of 0.44pg TEQ/g fw. In a similar study, Zhang et al. [88] 



determined  the  levels  of  PCDD/Fs  in  aquatic  foods,  and 4.4 Human breast milk 

 

measured an average concentration of 0.19pg TEQ/g fw. Wu The presence of PCDD/Fs and PCBs in the body and their et  al.  [89]  determined  the  levels  and  congener  profiles  of residual concentrations in breast milk raises concerns of infant PCDD/Fs  (also  DL-PCBs)  in  freshwater  fish  from  the exposure. Exposure to POPs over a period of time is a major Guangdong  Province  and  found  a  sum  concentration  of health concern due to a broad range of adverse health effects, 0.488pg TEQ/g fw. In South Korea, Shin et al. [99] analyzed including 

reproduction 

and 

developmental 

effects, 

the concentrations of PCDD/Fs in fish samples and detected neurotoxicity,  metabolic  syndrome,  and  obesity  [7,  14,  26, an  average  concentration of  0.13pg  TEQ/g  fw.  On  the  other 106,  107].  Global  Environment  Monitoring  System  of  the hand, Barone et al. [98] determined the levels of PCDD/Fs and World  Health  Organization  (GEMS/  WHO)  has  been PCBs in fish collected from Southern Italy supermarkets and collecting data on some POPs in food, including breast milk, determined the greatest mean concentrations of PCDD/Fs  of for more than 25 years covering 1988 - 1988, 1992 - 1992, and 38.4pg/g  lipid  fw  in  crustaceans,  15.1pg/g  lipid  fw  in 2000 - 2003 [26]. Breastfed infants are at risk of being exposed cephalopods and 21.5 pg/g lipid fw in fish, respectively. 

to  considerable  amounts  of  PCBs  and  PCDD/Fs  during  this In  another  study  from  Italy,  the  reasearch  reported sensitive period because these compounds are transferred into PCDD/Fs plus dl-PCBs sum concentration of 0.5pg WHO2005-breast milk. PCDD/Fs plus dl-PCB levels were reported from TEQ  g-1  ww  and  0.16pg  WHO2005-TEQ  g-1  ww  in  fish  and three  cities  in  Chile  [26] and the  results  showed  a  PCDD/Fs seafood, respectively [100]. Amongst the seafood group, the plus dl-PCBs sum concentration of 4.32 for Coltauco, 6.31 for most  contaminated  species  was  shellfish,  followed  by Arica,  and  5.50pg  WHO2005-TEQ  g-1  fat  for  Molina, crustaceans,  and  cephalopods  being  the  least  contaminated. 

respectively  (Figure  6).  The  sum  concentration  of  PCDD/Fs However,  all  the  concentrations  were  within  the  maximum plus  dl-PCBs  from  Arica  exceeded  the  maximum  limit  in limits set by the EU. In Nile perch ( Lates niloticus) and Nile human breast milk. 

tilapia ( Oreochromis niloticus) from Lake Victoria, Ssebugere Vigh et al. [108] investigated the exposure of individuals to et al. [101, 102] measured the PCDD/Fs concentration of 0.01 

PCDD/Fs  and  PCBs  from  22  mothers  who  delivered  their 

- 0.16 WHO2005TEQ g-1 ww, while the dl-PCBs concentration infants during 2007 in Baranya County, Hungary. The samples ranged  from  0.001  -  0.74pg  WHO2005TEQ  g-1  ww.  In were collected at three times point days i.e., at day 5, 12 and Mediterranean, the dl-PCBs concentration in Bluefin tuna was 84  postpartum  and  found  the  total  toxic  equivalent  (TEQ) 0.7pg WHO2005-TEQ g-1 ww and 1.9pg WHO2005-TEQ g-1 ww concentrations  of  3.17±1.72,  2.70±1.57  and  2.41±47pg for PCDD/Fs, their sum concentration of 2.6pg WHO2005-TEQ 

WHO2005-TEQ g-1 fat for PCDD/Fs and 33.5±29.2, 27.4±20.6 

g-1  ww  was  below  the  maximum  limits  allowed  for  human and  26.9±24.8  ng  g-1  fat  for  ndl-PCB,  respectively.  The consumption  proposed  by  EU  [100].  In  another  study  from concentrations  were  below  the  maximum  level  for  both three region of the Algerian coast, the PCDD/Fs plus dl-PCBs PCDD/Fs plus dl-PCBs [108]. In China, the reasearch reported sum concentrations of 0.19, 0.27 and 0.08pg WHO2005 TEQ g-mean  concentration  of  6.96  and  2.13pg  WHO

1

2005-TEQ  g−1 

ww was detected in Algiers, Bejaia and Oran, respectively lipid for PCDD/Fs and dl-PCBs, respectively [109]. Hue et al. 

[103]. In seafood purchased from Catalan (Spain) market, the 

[110]  investigated  the  level  of  PCDD/Fs  in  breastmilk  from mean  concentration  of  PCDD/Fs  plus  dl-PCBs  was  0.97pg women who lived more than 5 years near the Da Nang Agent WHO2005-TEQ  g-1  ww  and  these  levels  were  below  the Orange hotspot. They detected concentrations of 8.1, 26, 19, maximum limit set by EU [104]. In fish samples from Benin, and  18pg  WHO2005-TEQ  g-1  fat  for  Khue  Trang,  An  Khe, Cameroon,  Mali  and  Nigeria,  the  sum  concentration  of Chinh  Giang,  and  Hoa  Thuan  Tay,  respectively.  All  the PCDD/Fs plus dl-PCBs was 4.03pg WHO2005-TEQ g-1 fat, and concentrations were above the maximum level of PCDD/Fs in these concentrations were below the EU MRL value of 6.5pg milk. Hue et al. [110] investigated the levels and distribution WHO2005-TEQ  g-1  fat  [105].  In  the  same  study  reported  the of  PCDD/Fs  in  woman  from  Bien  Hoa  airbase,  a  hotspot  in ndl-PCB concentration of 852 ng g-1 ww which was 20-fold Agent Orange. They found a mean concentration of 13.6, 12.3, higher the EU MRL value [105]. 

and 6.4pg WHO2005-TEQ g-1 lipid for Buu Long, Tan Phong, In  summary,  more  than  90%  of  human  exposure  to and  Trung  Dung,  respectively.  The  concentrations  were  all 222
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above the maximum level allowable in human milk of Spanish lactating mothers [110]. 





 

Figure 6.  PCDD/Fs concentrations in human breast milk Note: n=number of samples, NR=not reported In  2018,  González  and  Domingo  [111]  measured  the  sum concentrations exceeded the maximum limit in all age groups. 

concentration of PCDD/Fs plus dl-PCB of 9.09pg WHO2005-In France, Focant et al [115] reported PCDD/Fs plus dl-PCB 

TEQ  g-1  fat,  this  was  found  to  be  comparable  with  the in  breastmilk  and  detected  mean  concentration  of  17.8pg concentration  obtained  in  their  2011  study  (8.4  -  9.0pg WHO2005-TEQ g-1 fat, which  exceeded the maximum limit by WHO2005-TEQ g-1 fat) indicating that PCDD/Fs plus dl-PCBs 3-fold. In Taiwan, Chen et al. [116] investigated PCDD/Fs in were stable during the period of 2011  - 2018 [109]. Then in 25 breast milk samples and found means of 2.44 pg WHO2005-three  other  hotspots  of  Bien  Hoa,  Phu  Cat,  and  Da  Nang TEQ/g  lipid.  While  Tlustos  et  al.  [117]  detected  relatively (Thanh  Khe  and  Son  Tra),  the  research  [111]  reported lower  levels  in  breast  milk  of  Irish  mothers  compared  with concentrations of 9.3, 14.1, 14.3 and 13.9pg WHO2005-TEQ g-breast  milk  levels  reported  for  other  European  countries. 

1 fat respectively and the major congener from all the sites was Contrary  to  this,  Ssebugere  et  al.  [118]  reported  that  the TCDD, a major contaminant found in Agent Orange herbicide concentrations of PCDD/Fs and dl-PCBs from Africa were in 

[111].  Hernández  et  al.  [112]  found  that,  age  from  lactating the same range as those from Asia but lower than those from Spanish  women  had  a  significant  impact  on  milk Europe. 

∑PCDD/Fs + dl-PCBs  levels,  with  higher  concentrations Antignac  et  al.  [119]  reported  the  concentrations  of observed in the milk from older mothers. Todaka et al. [113] 

PCDD/Fs,  dl-PCBs,  and  ndl-PCBs  in  breast  milk  of  French, reported  a  sum  concentration of 9.8pg  WHO2005-TEQ  g-1  fat Danish and Flemish women. They measured a PCDD/Fs plus for PCDD/Fs plus dl-PCBs in breastmilk from mothers from dl-PCBs  sum  concentrations  of  10.4,  19.8  and  13.6pg Sapporo  City,  Japan.  A  study  of  different  age  groups  was WHO2005-TEQ  g-1  lipid  for  French,  Danish  and  Flemish conducted  in  Japan,  and  Zhang  et  al.  [114]  investigated  the breastmilk,  respectively  [119].  All  the  concentrations  were concentrations  of  PCDD/Fs  plus  dl-PCBs  in  mothers  in  the above  the  maximum  level  with  French,  Danish  and  Flemish range of 20-25 years, 26-30 years, and those >31 years. They exceeding  the  level  1.5,  6,  2-fold,  respectively.  The detected concentrations 15.1, 16.8 and 17.8pg WHO2005-TEQ 

concentrations  of  ndl-PCBs  detected  in  the  breastmilk  from g-1  fat  for  20-25,  26-30,  >31  years,  respectively.  The the same study [119] were 85.2, 161, and 104 ng g-1 lipid for 223

breastmilk  from  French,  Danish  and  Flemish  women 5. ESTIMATING  DIETARY  EXPOSURE  TO  PCDD/FS 

respectively.  The  concentrations  were  more  than  2-fold  the PLUS DL-PCBS AROUND THE WORLD 

maximum level set by EU. 



In  Hong  Kong,  Wong  et  al.  [14]  reported  a  sum PCDD/Fs  have  been  found  in  many  foodstuffs  including concentration of 11.3pg WHO2005-TEQ g-1 fat PCDD/Fs plus milk, eggs, meat, fishes, and animal feedstuffs. These matrices dl-PCB  and  discovered  that  older  mothers  and  those  who can be used for estimating the dietary intake of PCDD/Fs, and stayed longer in area had higher concentrations of PCDD/Fs PCBs in the general population based on the background levels plus dl-PCB in their milk and this pattern was clearer in PCB 

[60]. The estimation of PCDD/Fs plus dl‐PCBs dietary intake though there were variations in PCDD/Fs [14]. Another study is  significant  in  determining  cancer  and  non-cancer  health in Japan investigated the relationship between PCDD/fs plus risks  in  different  food  groups  relative  to  different  sex/age dl-PCB concentrations in maternal blood and those in breast groups.  Understanding  the  amount  of  these  contaminants  in milk [106]. The level in maternal blood were higher than those food is a critical component for evaluating the human exposure in breast milk and the concentrations reported were 16.6 and and  to  prevent  possible  diseases.  As  part  of  this  initiative, 11.2pg  WHO2005-TEQ  g-1  fat  for  maternal  blood  and  breast maximum  levels  for  dioxins  plus  dl-PCB  in  animal-derived milk, respectively. The ndl-PCB pattern followed that of the foods and vegetable oils, have been established in the EU to dioxin-like compounds with concentrations of 120 and 90 ng encourage a proactive approach to reduce the PCDD/Fs plus g-1 fat for maternal blood and breast milk, respectively [106]. 

dl-PCBs  present  in  food  [121].  World  Health  Organization With high concentrations of PCDD/Fs plus dl-PCB reported recommends  that  countries  conduct  regular  assessment  of in  breastmilk,  newborns  and  developing  fetus  with  rapidly human exposure to PCDD/Fs plus dl‐PCBs contaminants [26]. 

developing  organ  systems  are  more  vulnerable  andmost Dietary  intake  estimates  are  therefore  suitable  tools  for sensitive  to  PCDD/Fs  plus  dl-PCB  exposure  [120].  This estimating  exposure  to  PCDD/Fs  and  PCBs  and  assessing review  confirms  that  many  countries  in  the  Southern potential health risks in populations. 

Hemisphere had high levels of PCDD/Fs and PCBs. In Africa, Table 2 demonstrates different EDI obtained from different the widest variation in exposure contamination was observed. 

food groups in various countries based on  studies of risk of Kenya and Uganda had the lowest levels of PCDD/Fs, while exposure to populations. In our current search we have found Côte d’Ivoire and the Democratic Republic of the Congo had that  the  study  [111]  is  one  of  the  few  studies the  highest  levels  in  these  surveys.  It  is  noticeable  that  the conducted/published in recent years, aimed at estimating the latter countries did not have exceptional high levels of PCBs dietary  intake  of  PCDD/Fs.  EDI  can  be  assessed  by  using  a indicating that the high PCDDs and PCDFs contamination is probabilistic approach, where all data available are used, or by not  associated  with  PCB-related  occurrence.  Most  Asian using a deterministic or point estimate approach, where a mean countries  studied  in  this  review  had relatively  high  levels of or median value of the parameters are used. Foerster et al. [26] 

PCDD/Fs and PCBs. Limited information was obtained from calculated EDI in pg/kg bw/day via the deterministic approach the  Caribbean  and  Central/  South  American  countries,  but for different infant ages based on Eq. (1), with the following relatively  higher  levels  of  PCDDs,  PCDFs  and  PCBs  were assumptions: 

found  from  those  countries  studied,  indicating  high contamination of human milk with these compounds. 

EDI=C×V×F×0.95 

(1) 

 

Table 2.  The recent (2010 - 2021) estimated daily intake (EDI) on PCDD/Fs levels in different food groups [111] 



Country 

Food 

∑PCDD/Fs 

EDI 

Target Population 

References 

Luqiao: 805.17pg 

Luqiao and 

ND - 66.86pg 

Rice, vegetable, hen eggs, chicken, 

WHO-TEQ day-1 

Yuhang 

WHO-TEQ g-

General population 

[122] 

duck and carps 

Yuhang: 74.31pg 

(China) 

1 fw 

WHO-TEQ/day 

Rice, fresh milk, milk powder, infant 

formula, marine fatty fish, marine 

0.02 - 3.64pg 

Zhejiang 

shellfish, marine fish oil, 

22pg TEQ/kg 

WHO-TEQ/g 

General population 

[123] 

(China) 

herbivorous freshwater fish, 

bw/month 

ww 

omnivorous freshwater fish, chicken 

egg, pork, pork liver and beef 

0.113 - 

19.17 - 23.26pg 

Guangdong 

6 - 18 years and 18 - 70 years 

Beef, freshwater fish and pork 

0.488pg 

TEQ/kg 

[89] 

(China) 

(male and female) 

TEQ/g fw* 

bw/month* 

Aquatic food, meat and meat 

3 - 6 years, 7 - 12 years, 13 - 

15.4 - 38.7pg 

12 Provinces 

products, egg and egg products, milk 

0.001 - 0.44pg 

17 years, 18 - 44 years, 45 - 59 

TEQ/kg 

[124] 

(China) 

and dairy products, cereals, bean 

TEQ/g fw 

years, >60 years (male and 

bw/month* 

products, potatoes and vegetables 

female) 

Cereals and their products, meat, 

poultry, game and their products, 

20 - 29 years, 30 - 39 years, 40 

0.011 - 

Hong Kong 

eggs and their products, fish and 

21.9 pg TEQ/kg 

- 49 years, 50 - 59 years, 60 - 

0.440pg 

[125] 

(China) 

seafood and their products, dairy 

bw/month* 

69 years, 70 - 84 years and 20 

TEQ/g* 

products, fats and oils, beverages, 

- 84 years (male and female) 

mixed dishes and other food. 

Human milk: 

Beef, chicken, olive oil, lamb, eggs, 

0.33 - 7.83pg 

Greece 

19.76 - 24.95pg 

6 - 12 months 

[126] 

formula milk, human milk 

TEQ/g fat 

TEQ/kg bw/day* 

224

Formula milk: 

1.60 - 2.24 pg 

TEQ/kg bw/day* 

Average 

consumers: 1.53 - 

Fish, fruits and nuts, vegetables, 

2.11pg WHO-

beverages, cereals, eggs, oily seeds 

TEQ/kg bw/day* 

Germany 

- 

General population 

[127] 

and fruits, dairy products, non-

High-end 

allocated foods 

consumers: 2.85 - 

3.56pg WHO-

TEQ/kg bw/day* 

Animal feed samples, lamb, beef, 

1.20 - 3.48pg DR 

6 - 9 years, 10 - 19 years, 20 - 

Kuwait 

chicken, milk and dairy products, 

- 

CALUX-BEQ/kg 

49 years, >50 years (male and 

[128] 

eggs and fish 

bw/day* 

female) 

Vegetables, cereals, fats and oils, 

Valencia 

eggs, milk and dairy products, fish 

0.04 - 1.22pg 

1.17pg WHO-

General population 

[129] 

(Spain) 

products, meat and meat products, 

WHO-TEQ/g 

TEQ/kg bw/day 

and fish oil 

Rice and rice products, cereals, 

seeds, potatoes, sugar and 

2000: 2.08pg 

confectionery, fats and oils, pulses, 

TEQ/kg bw/day* 

fruits, green vegetables, other 

2001: 1.45pg 

Japan 

- 

General population 

[130] 

vegetables, mushrooms, seaweeds, 

TEQ/kg bw/day* 

fish and shellfish, meat, eggs, milk 

2002: 1.74pg 

and dairy products, prepared foods, 

TEQ/kg bw/day* 

drinking water 

Source: Neus Gonzalez, Jose L Domingo 



According to the WHO, child growth standards for boys and in 620 foods (rice, fresh milk, milk powder, infant formula, girls  median  infant  weight  (kg)  and  daily  infant  intake  of marine fatty fish, marine shellfish, marine fish oil, herbivorous breast milk is assumed as following: 

freshwater fish, omnivorous freshwater fish, chicken egg, pork, 

•  At 2 months old or less the infant weighs 4.6kg, and pork  liver  and  beef)  near  the  municipal  waste  incinerator consumes 780mL of breastmilk. 

(MWI) and e-waste disassembling areas. These samples were 

•  At  3  -  4months  old,  the  infant  weighs  6.4kg  and collected between 2006  -  2015 and detected a  concentration consumes 900mL of breastmilk. 

ranging  from  0.02  -  3.64pg  WHO-TEQ  g-1  ww.  Using  the 

•  At  5  -  6  months  old,  the  infant  weighs  7.3kg  and concentration measured, they estimated a EDI of 22pg TEQ 

consumes 930mL of breastmilk. 

kg-1 bw/month to a general population which was below the 

•  At  7  -  12 months  old,  the  infant  weighs 8.7kg  and standard  of  70pg  TEQ  (kg  bw)−1  month−1  set  by  the  Joint consumes 600mL of breastmilk. 

FAO/WHO Expert Committee on Food Additives (JECFA). 

•  It is assumed an absorption efficiency of PCBs and Wu et al. [89] measured a concentration of PCDD/Fs in 226 

PCDD/Fs in the gastrointestinal tract is 95% [26]. 

individual  samples  of  beef,  freshwater  fish  and  pork  from Where, C is the  concentration of PCDD, PCDF,  and DL-Guangdong  (China)  markets  and  discovered  levels  between PCBs in the pooled sample, expressed in pg TEQ/g of fat; V 

0.113  -  0.488pg  TEQ  g-1  fw.  They  estimated  EDI  levels  of is  the  volume  of  daily  breast  milk  intake  adjusted  to  body 19.17 - 23.26pg TEQ kg-1 bw/month for 6 - 18 years and 18 - 

weight (bw) per group of age expressed in g/kg bw; and F is 70 years (male and female) population. The dietary exposures the breast milk fat content, expressed in g/100g of milk. An were all lower than the provisional tolerable monthly intake estimation considering the average fat content was also made (PTMI,  70pg  TEQ  kg-1  bw/month)  established  by  Joint (fat content of 2.7g/100mL). 

FAO/WHO Expert Committee on Food Additive. Zhang et al. 

When the EDI was estimated with a mean fat content of 2.75 

[124]  measured  PCDD/Fs  concentrations  in  96  food g/100mL, the EDI ranged from 6.7pg TEQ/kg bw/day for 7 - 

composite samples from eight varieties of food groups from 12  months  old,  8.7pg  TEQ  kg-1  bw/day  for  2  months  old, China.  They  collected  samples  from  aquatic  food, meat  and 10.1pg TEQ kg-1 bw/day for 3 - 4 months old and 10.4pg TEQ 

meat products, egg and egg products, milk and dairy products, kg-1  bw/day  for  5  -  6  months  old.  It  is  difficult  to  compare cereals, bean products, potatoes and vegetables and measured results  of  EDI  estimations  reported  from  different  countries a concentration between 0.001 - 0.44pg TEQ g-1 fw. Dietary due to varying methodologies used for calculation. 

intake of PCDD/Fs plus dl-PCBs of 12 age/gender subgroups Song et al. [122] measured PCDD/Fs in rice, vegetable, hen of  the  Chinese  population  was  subsequently  estimated eggs, chicken, duck and carps and detected a concentration of between 15.4pg TEQ kg−1 bw month−1 to 38.7pg TEQ kg−1 bw up  to  66.86pg  WHO-TEQ/g  fw,  although  the  contaminants month−1 for average population and from 68.5pg TEQ kg−1 bw were  not  detected  in  some  food  group.  Using  the  measured month−1 to 226.1pg TEQ kg−1 bw month−1 for high consumers concentration, Song et al. [122] used a probabilistic approach (the  97.5th  percentile).  Dietary  exposure  of  children  (mean: to estimate the EDI of a general public in Luqiao and Yuhang 32.5pg TEQ kg−1 bw month−1) was significantly higher than (China)  and  found  the  highest  EDI  of  805.17pg  WHO-that  of  the  adults  (mean:  21.5pg  TEQ  kg−1  bw  month−1) TEQ/day in Luqiao and 74.31pg WHO-TEQ/day in Yuhang. 

( p<0.01) presumably due to more food consumed by children The monthly intake of PCDD/Fs plus dl-PCBs were above the relative to their body weight compared to adults. The targeted provisional tolerable monthly intake (PTMI) set by the Joint population was 3 - 6 years, 7 - 12 years, 13 - 17 years, 18 - 44 

FAO/WHO  Expert Committee  on Food Additives (JECFA). 

years,  45  -  59  years,  >60  years  (male  and  female).  Dietary In a similar study, Shen et al. [123] measured PCDD/Fs levels exposures of average population of various subgroups were all 225

[image: Image 12]

below the PTMI recommended by JECFA. 

incinerations, metal industries, recycling, and dumpsites [10, 62]. The exposure of humans to PCDD/Fs plus dl-PCBs is still through consumption of food of animal origin (eggs, milk, and meat)  [7].  Few  studies  in  this  review  showed  high concentrations of PCDD/Fs plus dl-PCBs from direct sources (i.e., PCDD/Fs concentration of 661pg WHO2005-TEQ g-1 fat in free-range chickens from Agbogbloshie dumpsite in Accra as well as few studies reporting concentrations of PCDD/Fs in area where agent orange was used in the past [62-64, 110, 111, 131]. The review also showed that PCDD/Fs plus dl-PCBs are most investigated in eggs and human breast milk around the globe.  Of  the  few  studies  performed  in  Africa,  the  highest concentration of 661pg WHO2005-TEQ g-1 fat for PCDD/Fs has been  detected  in  eggs  of  free-range  chicken  from Agbogbloshie, Accra. The major source of the PCDD/Fs was the  uncontrolled  e-waste  activities  around  the  Agbogbloshie dumpsite  [62].  The  concentration  obtained  in  that  study  was 



 

the highest reported in this review. 

Figure 7. EDI (%) contribution from food categories to the Other regions with higher PCDD/Fs in eggs included Buu estimated monthly intake of PCDD/Fs and DL-PCBs Long district, Vietnam; Bien Hoa, Vietnam; The Netherland and China with concentration of 361, 249, 248, 214 and 182pg Wong et al. [125] analyzed PCDDs, PCDFs and dioxin-like WHO2005-TEQ g-1 fat, respectively [20, 63, 64, 111, 110, 131]. 

PCBs from a total of 142 composite food samples taken from The  major  congener  detected  in  egg  samples  was  TCDD  in cereals  and  their  products,  meat,  poultry,  game  and  their Vietnam,  a  major  contaminant  found  in  Agent  Orange  [63, products, eggs and their products, fish and seafood and their 131].  Consumption  of  contaminated  eggs  can  lead  to products,  dairy  products,  fats  and  oils,  beverages,  mixed significant increases in PCDD/Fs blood serum concentrations dishes, and other foods. They measured PCDDs, PCDFs and for  general  population  including  children  and  adults.  It  has dioxin-like  PCBs  concentrations  between  0.011  -  0.440pg been  shown  that  soil  contaminated  with  between  2  -  4  ng TEQ  g-1.  Dietary  exposures  of  Hong  Kong  adults  were PCDD/F-TEQ  kg-1  dry  mass  (dm)  is  sufficient  to  meet  or estimated  between  21.9  and  59.7pg  toxic  equivalent  (TEQ) exceed the maximum limit concentration in eggs [7]. There is kg−1 body weight (bw) month−1 respectively, which was below a  significant  correlation  between  TEQ  levels  in  paired  eggs the  recommended  limits  for  Hong  Kong  population. 

and  soil  as  free-range  hens  are  ingesting  a  high  amount  of Costopoulo  et  al.  [126]  measured  the  dietary  exposure  of contaminated soil in their feed. Most studies reviewed had a infants  to  PCDD/Fs  and  dl-PCBs.  Their  study  included  two maximum  concentration  above  the  EU  maximum  limits  for age  groups:  0  –  6  months,  when  infants  fed  exclusively  by PCDD/Fs  (2.5pg  PCDD/F-TEQ  g-1  fat)  or  the  sum  of human milk and/or formula milk, and 6  –  12 months, when PCDD/Fs and dioxin-like PCBs (5pg PCDD/Fs+PCBs-TEQ g-1

solid food was introduced to nutrition. In the first study group fat). The maximum limits in soil for other gazing animals (i.e., 0 - 6 months they measured a sum of PCDD/Fs and dioxin-like cattle,  sheep,  goats,  etc.)  were  not  yet  specified.  In  human PCBs of 60.3 - 80.4 TEQpg kg-1 bw which was significantly breast  milk  around  the  globe,  the  level  of  PCDD/Fs  were higher  than  that  of  infants  that  consumed  a  combination  of mostly above the maximum limit of 2.5 and 5.5pg WHO2005-human milk and formula (31.2 - 41.6 TEQpg kg-1 bw). In the TEQ  g-1  fat  for  PCDD/Fs  and  sum  PCDD/Fs  plus  dl-PCBs, second study group 6 - 12 months for babies receiving human respectively [132]. The contamination levels of PCDD/Fs and milk, they estimated total daily intake of 19.76 - 24.95 TEQpg PCBs in human breast milk are potentially affected by many kg-1 bw) and babies receiving formula milk had estimated total factors, such as the place where the mother resides, age of the daily intake of 1.60 - 2.24 TEQpg kg-1 bw).From the reviewed mother, parity, lactation period, and dietary habits [110, 111]. 

studies, it can be concluded that chicken eggs contributed at A comprehensive comparison of the results with studies in this least 44% of estimated monthly intake of PCDD/Fs plus dl-review  showed  that  the  potential  health  risks  posed  by PCBs  in  different  population  groups,  followed  by  20%  for PCDD/Fs  and  PCBs  pollutants  were  high  for  mothers  and breastmilk, and 19% for fish, seafood, shellfish, their products infants. 

and  beef,  goats,  sheep,  and  other  food  products.  Although Although  this  review  shows  that  emissions  of  toxic breastmilk  contributed  20%  EDI,  it  must  be  noted  that  the compounds from industrial countries have declined, this may exposure is only limited to breastfed infants (Figure 7). Most not be the case for the developing world due to rudimentary studies  made  use  of  the  probabilistic  approach,  involving recycling  process  as  well  as  reservoir  sources  (i.e.,  high statistical distributions of contamination and consumption data concentration  from  dumpsites  in  Ghana  and  high to calculate a statistical distribution of the daily intake. Only a concentration from agent orange hotspots in Vietnam) [62-64]. 

handful  of  studies  used  the  deterministic  approach  where This observation may call for new inventories of dioxin-like randomness was incorporated. 

compounds  around  the  globe.  National  and  international organizations should revise the maximum permissible limit of dioxin-like  compounds  to  reduce  the  contamination  of  the 6. 

abiotic environment as this have a direct effect on the levels of  DICUSSIONS AND RESEARCH GAPS 



these compounds in food, and therefore dietary exposure. The (1)  lack  of  data  from  other  regions  such  as  African,  Latin This  review  reveals  that  the  levels  of  PCDD/Fs  plus  dl-American, and South Asian countries, (2) limited research on PCBs in many developing countries may be increasing due to dl-PCBs relative to PCDD/Fs; emerging pollutants of concern rudimentary practices during thermal process including waste 226

(like polybrominated compounds), and (3) the need for more countries  were  also  scarce,  and  therefore  regional,  and longitudinal data to evaluate dietary exposure over time, need intercontinental  transportation  of  PCDD/Fs  plus  dl-PCBs to be investigated further. Although the emission of PCDD/Fs could not be confirmed. Further data on these compounds still from incineration of municipal solid waste may be decreasing, need  to  be  generated  from  these  countries  to  complete  the waste  such  as  medical  waste,  containing  polyvinyl  chloride chemical  inventories  for  the  continent  and  to  facilitate  the (PVC)  is  the  major  source  of  PCDD/Fs  [133].  Thus,  health implementation of the Stockholm Convention on POPs. Lastly, care institutions should implement regulations to minimize the strict  environmental  controls  of  PCDD/Fs  plus  dl-PCBs use  of  PVC  plastic  as  much  as  possible.  As  the  regulatory emissions remain a priority to minimize the contamination of limits  are  decreased,  the  need  to  use  more  sensitive  and the surrounding environments. 

affordable  methods  such  as  soft  ionization  atmospheric photoionization 

mass 

spectrometry 

(API-MS) 

is 
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This review evaluates polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs) and dioxin-like polychlorinated biphenyls (dI-PCBs) analytical
methods, occurrence and concentrations in major food groups from studies published
worldwide over the last 20 years. The review reveals that in many developing countries the
levels of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs)
plus dI-PCBs may be increasing due to rudimentary practices during thermal process
including waste incinerations, metal industries, recycling and dumpsites. The review
heightened the need to develop and capacitate laboratorics from developing world for
PCDD/Fs plus dI-PCBs monitoring as most of the analysis were performed in laboratories
from developed worlds even on sentinels from developing countrics, especially those of
Africa. The review concluded that further data still need to be generated from other regions
to complete the chemical inventorics. It was concluded that, strict environmental controls
of PCDD/Fs plus dI-PCBs emissions remain a priority, however reduction of these

contaminants require global monitoring coordination.

1. INTRODUCTION

The  polychlorinated  dibenzo-p-dioxins ~ (PCDDs),
polychlorinated  dibenzofurans (PCDFs) and dioxin-like
polychlorinated  biphenyls (dI-PCBs) are well-known
environmental and food contaminants that are highly toxic
persistent organic pollutants capable of resisting degradation
in the environment. PCDD/Fs are produced unintentionally
during combustion processes or production of chlorine-
containing  materials, such as  plastics. Whereas
polychlorinated biphenyls (PCBs) are man-made products
found in applications such as dielectric fluids in transformers
and capacitators, additives in lubricating fluids, adhesives,
building sealants, fire-proofing agents, plasticizers, paints, and
ink products [1-3]. According to the study [4], humans are
exposed to Persistent organic pollutants (POPs) through a
variety of routes, including inhaling air, ingestion of food and
non-food items, and dermal contact. PCDD/Fs plus dI-PCBs
are mainly ingested through foods that are rich in fat, such as
eggs, fish, meat, and meat fat, as well as dairy products that
have a high lipophilicity [5]. Thus, compilation and evaluation
of data on the levels and occurrence of PCDD/Fs plus dI-PCBs
in major food of animal origin is required.

PCDD/Fs plus dI-PCBs are usually low in fruits, vegetables,
nuts, and cereals, but their high consumption rate can lead to
foodborne exposure of these pollutants [6, 7]. PCDD/Fs plus
dI-PCBs in food remains a health risk as they are known to act
as a risk factor for the tumor promotion and alter several
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physiological processes that adversely affect the liver, kidneys,
neurological system, and endocrine system [8, 9]. The
International Agency for Cancer Research (IARC) had
concluded that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is
the most toxic and carcinogenic congener to humans [10]. This
toxic conger (2.,3,7.8-TCDD), is also found as a major
contaminant in herbicide 2,4,5 trichlorophenoxy acetic acid (2,
4, 5-T) [11]. PCDD/Fs plus dI-PCBs have also been
discovered mostly in human breast milk and free-range eggs,
because PCDD/Fs plus PCBs in human milk are a good
reflection of the body burden, as human blood and adipose
tissue concentrations are closely similar while chicken eggs
are one of the most important components of the human diet
[12]. Eggs have different exposure pathways such as soil, feed,
animal bedding as well as specific point sources on a farm.
They are seen as sensitive indicator of PCDD/Fs plus PCBs
contamination in soil and are an important exposure pathway
from soil contamination to human. Daily consumption of one
egg can reach the EU regulatory limit, exceeding the tolerable
daily intake (TDI) of 2pg TEQ/kg body weight for children set
by the WHO [7, 13].

Although much effort has been made to monitor and reduce
the levels of PCDD/Fs plus dI-PCBs in these different food
groups, it remains an important question to which extent this
is possible at the general level of exposure. For decades, dioxin
contamination incidents of feeds and foodstuffs have severely
impacted the environment and human health not only
economically but also environmentally and socially [8].
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