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A B S T R A C T   

Bee pollen contains a diversity of bioactive components. Nevertheless, since pollen is retrieved from a variety of 
plants, including the cultivated ones which are subjected to agrochemical treatments, its contamination is un-
avoidable. In this context, 45 samples of pollen were analysed with optimized analytical methods for trace and 
macro elements (ICP-MS), pesticides and metabolites residues (LC & GC-MS/MS) content. According to the re-
sults, potassium and iron were the most abundant in terms of concentration and frequency of detection, while the 
contribution of the most hazardous elements, such as lead, arsenic, cadmium and mercury, to the total con-
centration of trace elements was lower than 1%. For pesticides, coumaphos was the most frequently detected in 
the examined samples (22%), followed by propargite, azoxystrobin, dimethoate and cypermethrin. Non- 
carcinogenic health risk assessment demonstrated in the majority of cases negligible risk for adults and chil-
dren. On the contrary, carcinogenic risk assessment considering a worst case scenario disclosed nickel and in less 
extent chromium and arsenic, as risk drivers, exhibiting in several samples carcinogenic risk values for adults 
above the safety threshold. Yet, regarding that both adults and children unlikely will daily consume such pollen 
quantities, especially on a long-term basis, an overestimation of risk should be appraised.   

1. Introduction 

Bee pollen is an edible apicultural product, well known for its 
nutritional and potential therapeutic value (Khalifa et al., 2021) due to 
its content on proteins, lipids, carbohydrates, vitamins, amino acids, and 
mineral elements. It contains essential macro and trace elements, 
essential both for physiological and nutritional reasons. Due to its 
unique chemical composition, bee pollen is considered one of the most 
valuable apitherapeutic products (Denisow and Denisow-Pietrzyk, 
2016). Several health beneficial properties have been attributed to 
pollen, such as antioxidant, anti-inflammatory, antibacterial, and anti-
carcinogenic (Basim et al., 2006; Kalaycioglu et al., 2017; Maruyama 
et al., 2010; Morais et al., 2011; Yildiz et al., 2013), and it has been used 
in many applications in medicine (Denisow and Denisow-Pietrzyk, 
2016). Based on its ingredients, pollen grains are also widely used in 
food supplements and food additives (De-Melo et al., 2015; Funari et al., 

2003). 
On the other hand, alongside its nutritional value, it has been found 

that pollen accumulates contaminants, such as heavy metals and pesti-
cides, from the environment (Bommuraj et al., 2019; Costa et al., 2019; 
de Oliveira et al., 2017; Friedle et al., 2021; Gunes et al., 2021; Liolios 
et al., 2019; Wen et al., 2021). The bees during foraging, apart from 
collecting pollen and nectar, also accumulate a plethora of contaminants 
that are finally transferred into the beehives. Thus, bees and conse-
quently apiculture products can serve as valuable indicators of plants, 
soil, and air contamination (Bargańska et al., 2016; Martinello et al., 
2021). 

Concerns about the potential environmental and toxicological im-
pacts of pesticide residues and heavy metals in pollen have already led to 
the implementation of mitigation strategies and sustainable beekeeping 
practices (Ellis et al., 2014). With these in view, the scientific interest 
increases and is oriented towards the elucidation of their environmental 
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origin, fate, and impact on the environment and humans. Thus, the 
detection of pesticides residues and heavy metals in apiculture com-
modities and environmental compartments is an essential contributor to 
the particular scientific field. 

However, dietary risk assessment form exposure to heavy metals and 
pesticides due to pollen consumption is hampered by the insufficient 
available information both for pollen consumption and also pollen 
contamination. Thus, further investigation is deemed necessary in this 
field especially for countries like Greece where beekeeping is an 
important agriculture pillar, with growing potential and number of 
hives across the country. 

The aim of this study is firstly to investigate the occurrence of min-
eral elements and pesticide residues in bee pollen samples collected from 
Greece. Based on the findings from chemical analysis, dietary risk 
assessment was carried out for the hazardous elements and pesticide 
residues detected. To this end, sensitive multianalyte methods were 
implemented for the detection and quantification of minerals and 
pesticide residues (including some metabolites) by using Inductive 
Coupled Plasma Mass Spectrometry (ICP-MS), and Liquid and Gas 
Chromatography Tandem Mass Spectrometry (LC-MS/MS, GC-MS/MS), 
respectively. 

To our knowledge, this is the first study integrating information on 
the prevalence of several trace and macro elements, and pesticide resi-
dues in a substantial number of Greek bee pollen samples by using state- 
of the art analytical equipment. In addition, an effort was done for di-
etary health risk assessment for the most hazardous elements and for 
pesticide residues from pollen consumption. 

2. Materials and methods 

2.1. Sample collection 

Forty-five (45) bee pollen samples originating from different bee-
hives around Greece (regions of Attica, Tripoli (Arkadia prefecture), 
Nafplio (Argolis prefecture), Evia island (Central Greece prefecture), 
and Chalkidiki peninsula (Central Macedonia prefecture) were sampled 
during 2020 (mostly during spring). All bee pollen samples were 
collected from several individual beekeepers across the country and 
based on their physical appearance (diversity of pollen grain colors) and 
exchange of information with beekeepers (where applicable) were of 
multifloral origin, with an average collected amount of 10 g (the 62% of 
samples were pollen collected in traps placed outside the beehives, the 
rest was in-hive stored pollen). A substantial number of samples were 
acquired after direct contact with the beekeepers in local markets, while 
the rest of samples were sent by the beekeepers to Benaki Phytopatho-
logical Institute for routine analysis of pesticide residues. 

2.2. Chemicals 

2.2.1. Trace and macro elements analysis 
In the present study, 29 chemical elements: Boron (B), Sodium (Na), 

Magnesium (Mg), Aluminium (Al), Phosphorus (P), Potassium (K), 
Calcium (Ca), Titanium (Ti), Vanadium (V), Chromium (Cr), Manganese 
(Mn), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper (Cu), Zinc (Zn), Arsenic 
(As), Selenium (Se), Strontium (Sr), Molybdenum (Mo), Silver (Ag), 
Cadmium (Cd), Tin (Sn), Antimony (Sb), Barium (Ba), Mercury (Hg), 
Thallium (Tl), Lead (Pb), Uranium (U) were determined and quantified 
by using standard solutions. A standard solution mix of 25 chemical 
elements (Al, Ba, B, Cu, Fe, Sr, Zn, Be, Cr, Co, Li, Mn, Mo, Ni, Ti, V, Sb, 
As, Cd, Pb, Se, Ag, Tl, Sn, U in HNO3 5%) and standards solutions of 
individual elements (Hg in 10% HNO3, P in 0,05% H2SO4 and Na, Mg, 
and Ca in 2% HNO3) were all purchased by CPAchem (Stara Zagora, 
Bulgaria) and were used for the preparation of two calibration curves: 
one measuring trace elements and the other one macro elements. Indi-
vidual solutions of Lithium (6Li), Scandium (Sc), Germanium (Ge), 
Ytrium (Y), Indium (In), Terbium (Tb) and Iridium (Ir), and a standard 

solution/mixture of 25 elements components (Al, Be, Co, Li, Se, Sn, Zn, 
Sb, B, Cu, Mn, Ag, Ti, As, Cd, Fe, Mo, Sr, U, Ba, Cr, Pb, Ni, Tl, V in HNO3 
5%) were also provided by CPAchem (Stara Zagora, Bulgaria) and used 
as internal standards and for the preparation of quality assurance (QC) 
standard, respectively. Nitric acid (HNO3) 67–69% w/w, hydrochloric 
acid (HCl) 37% w/w and hydrogen peroxide (H2O2) 30% w/w for trace 
elements analysis/trace metal grade were all purchased by Seastar 
Chemicals Inc. (Sidney, Canada). Ultrapure water from an ultrapure 
Milli-Q water system (Burlington, MA, USA) was used for the dilution of 
all the aforementioned solutions. The labware used was immersed in a 
diluted HNO3 solution (0.05% w/w) with ultrapure water for 24 h and 
washed several times (ultrapure water). Then, all materials were dried 
inside a hood under clean-air conditions at room temperature. 

2.2.2. Pesticide residues analysis 
In the current study, 242 active substances and metabolites 

(Table S1) were monitored by applying liquid chromatography coupled 
to electrospray tandem mass spectrometry and gas chromatography 
coupled to tandem mass spectrometry (LC-ESI-MS/MS, GC-MS/MS). The 
chemicals used are described in published works of our group (Kasiotis 
et al., 2014, 2018, 2021). Supel™ QuE Z-Sep + used in the clean-up step 
was obtained from Supelco (Bellefonte, PA, USA). An LC-ESI-MS/MS 
multiresidue method was applied for the quantification of compounds 
of different categories, including organophosphates, neonicotinoids and 
triazoles, while a GC-MS/MS method was also applied for the detection 
of pyrethroids, organochlorines, pyridine carboxamides and other GC 
compatible substances. Carbendazim-d3, imidacloprid-d4, 
dimethoate-d6, and chlropyrifos-d10 were used as mass-labeled internal 
standards for the quantification of the compounds measured by 
LC-MS/MS, and they were purchased by Sigma Aldrich (Seelze, Ger-
many). For GC amenable compounds triphenyl phosphate and 
dichlorvos-d6 (in less extent) were used as internal standards. The ma-
jority of validation criteria and metrics are published in previous works 
of our group (Kasiotis et al., 2014, 2018, 2021; Varikou et al., 2020), not 
affected by the subtle changes in the sample preparation procedure. 
Nevertheless, for some GC amenable analytes (not previously 
reported-validated by our team) validation data are presented 
(Table S2). 

2.3. Sample preparation 

2.3.1. Trace and macro elements analysis 
Pollen samples were left to dry (30 h) inside a laboratory hood under 

room temperature. Then, 0.5 g of each sample were weighted and placed 
into a vessel (100 mL) of a microwave oven (MARS 5, CEM) to be 
digested. 5 mL HNO3, 4 mL ultrapure water, 0.5 mL HCL and 1 mL H2O2 
were also added in each vessel and the samples were further digested 
under 180 ◦C and 800 Watt for 40 min total (25 min ramp time and 15 
min hold time). After the end of the digestion process, the vessels were 
cooled below 40 ◦C into a clean hood, while excess pressure was vented 
slowly. The digestion solution was quantitatively transferred to a clean 
container and ultrapure water was added to the final volume of 100 mL. 

2.3.2. Pesticide residues analysis 
Briefly, 1 g of each sample was spiked with the ISs carbendazim-d3, 

imidachloprid-d4, dimethoate-d6, dichlorvos-d6, chlorpyriphos-d10, 
and TPP. The extraction step was performed by applying published 
procedures of our group based on the QuEChERS method (Kasiotis et al., 
2018, 2021). Two slight modifications took place. In this regard, in the 
extraction step hexane was excluded maintaining the use of acetonitrile 
(ACN) and H2O, assisted by MgSO4 (1 g), and sodium acetate (0.2 g). 
The second was the addition of a low amount of Z-Sep+ (20 mg), apart 
from C18, and PSA, in the clean-up step. After the clean-up step, the 
extract was then centrifuged (4500 rpm, 10 min, 10 ◦C) and the super-
natant was collected. Then, the final extract was divided in two parts. 
The two aliquots were evaporated till dryness under a gentle steam of 
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nitrogen and then they were reconstituted with 1 mL of a 75:25 (v/v) 
MeOH:H2O and pure acetone respectively. The former aliquot was 
analysed in LC-ESI-MS/MS, while the second in GC-MS/MS system. 

2.4. Instrumental analysis 

2.4.1. Inductive Coupled Plasma Mass Spectrometry (ICP-MS) 
For the analysis of the pollen samples, and the quantification of trace 

and macro elements, ICP-MS was used (Thermo iCAP-RQ, Thermo 
Fisher Scientific, San Jose, CA, USA) equipped with an ASX-280 auto-
sampler. Analysis was performed by applying collision cell mode (ki-
netic energy discrimination (KED)), using He, for the avoidance of 
interferences. Prior to the analysis of the samples, the system was 
allowed to equilibrate, and then a performance report in KED mode was 
performed. In this context, high sensitivity, and stability of the analysis, 
and also avoidance of interferences and doubly charged ions were 
ensured. The instrument parameters are illustrated in Table S3, while 
the quantification parameters are presented in Table S4. 

2.4.2. Liquid chromatography electrospray tandem mass spectrometry (LC- 
ESI-MS/MS) 

For the analysis of the pollen samples and the detection of pesticides 
residues, LC-ESI-MS/MS was used, as described in detail in preceding 
publications of our group (Kasiotis et al., 2018, 2021). Briefly, using a 
classical C18 column, the chromatographic gradient started from 80% 5 
mM ammonium formate in H2O, 0.1% formic acid (mobile phase 
channel A) to 100% 5 mM ammonium formate in MeOH, 0.1% formic 
acid (mobile phase channel B) in 30 min. Each chromatographic sepa-
ration lasted 35 min and the injection volume was 10 μL. Furthermore, 
the flow rate was set at 0.28 mL/min, while the analytical column was 
thermostated at 30 ◦C. The analyses were performed with a multiple 
reaction monitoring (MRM) method monitoring two mass transitions for 
every analyte. 

2.4.3. Gas chromatography tandem mass spectrometry (GC-MS/MS) 
The GC-MS/MS analysis of the samples was performed on a Shi-

madzu triple quadrupole mass spectrometer GCMS-TQ8040NX, 
composed of a GC-2030 gas chromatograph. The chromatography sys-
tem was equipped with an autosampler AOC-6000 (CTC Analytics) using 
a 10 μL syringe, and a MEGA-5 HT (30 m × 0.25 mm × 0.25 μm) (MEGA 
S.r.l., Legnano, Italy) capillary column. For the separation of the ana-
lytes, the followed chromatographic gradient was applied: initial oven 
temperature of 50 ◦C for 1min, increase of T till 125 ◦C at a rate of 25 ◦C/ 
min and finally reach of 300 ◦C at a rate of 10 ◦C/min. Helium was used 
as a carrier gas at a flow rate of 1.67 mL/min. The analyses in MS/MS 
were performed in multiple reaction monitoring (MRM) mode that 
monitored two mass transitions (parent ion/product ion) for every an-
alyte, while Argon 99.9999% was used as a collision gas. 

2.5. Quantification and quality assurance 

2.5.1. Trace and macro elements 
For the analysis of the samples seven internal standards (6Li, Sc, Ge, 

Y, In, Tb and Ir) were added to all unknown samples and calibration 
standards at a constant rate. Calibration curves (5 points including zero) 
covering concentrations from 0.1 to 1000 ppb were prepared to be 
matched with the expected concentration ranges of trace elements (B, 
Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Hg, 
Tl, Pb, U), while curves covering concentrations between 0.1 and 200 
ppm were used for the quantification of macro elements (Na, Mg, P, K, 
Ca) in the samples. The regression coefficient (r2) was greater than 0.99 
for all the calibration curves (linear regression). The limits of quantifi-
cation (LOQ) values for each individual element are presented in 
Table S4. 

The repeatability of the method and the background contamination 
were controlled by the analysis of quality-control (QC) standards, blank 

reagent and spiked samples in every sequence, respectively. In partic-
ular, two quality-control (QC) standards solutions of macro and trace 
elements were analysed in every batch of samples, monitoring in this 
way the repeatability of the analytical method. The recovery of the two 
QC standards ranged between 80 and 120% in all samples. In addition, 
one spiked bee pollen sample and reagent blanks were analysed 
following the same procedure with the unknown samples. Certified 
Reference Material (CRM) BCR-679 white cabbage was also measured in 
every batch in order to monitor and assure the accuracy of the mea-
surement. The recoveries for the elements contained in the CRM (Cd, Cu, 
Fe, Mn, Mo, Ni, Sr, Zn, Hg, Sb, Tl, B, Ba, Ca, Cr, Mg, P) were in the range 
of 80–120%. Hence, the analytical data presented in the respective work 
did not necessitate correction for recoveries. In order to avoid spectral 
interferences, one additional isotope was measured, when possible, 
while reagent blanks were prepared under the same conditions as the 
samples and measured in every batch. 

2.5.2. Pesticide residues 
The two chromatographic analytical methods (LC-ESI-MS/MS and 

GC-MS/MS) were previously validated (for the majority of analytes) by 
our group according to SANTE guidance documents on analytical 
quality control and method validation procedures for pesticide residues 
analysis in food and feed (SANTE/11813/2017, 2017; 
SANTE/12682/2019, 2019). Specificity, selectivity, reproducibility, 
repeatability, recovery and sensitivity were some of the parameters 
validated. Herein, precision data are presented (Table S2) for some of 
the GC amenable compounds not previously monitored by our group. 
For analyte identity confirmation, retention time (RT) and ion ratio were 
used. Recoveries were estimated by the use of internal standards during 
the analysis and were found to vary between 75 and 115% for all the 
analytes. The repeatability and reproducibility RSD% values of both 
methods studied at three concentration levels, were acceptable (≤20%). 
The LOQs ranged between 0.5 and 5 μg/kg for all the target compounds. 
The LOQ for each individual compound is conferred in Table S1. Blank 
pollen (organic origin, commercially available from Arcadia prefecture) 
used as control sample was also analysed in order to monitor back-
ground contamination. Control samples were analysed in every 
sequence of samples and no pesticide residues, and their metabolites 
were detected in any of them. Regarding the sample preparation mod-
ifications, the use of Z-Sep managed (along with the other components) 
to adequately purify samples, since the previously employed lipid 
removal solvent (hexane) was avoided not to impact the recovery of 
some of the GC amenable compounds. 

2.6. Human health risk assessment 

The risk of the most toxic elements and of pesticide residues on 
human health was estimated to assess their chronic effects. Since pollen 
is an edible product, the dietary route is the main source of human 
exposure to the aforementioned chemicals. Therefore, the calculations 
for risk assessment are only based on this pathway. Due to the scarcity of 
data concerning the daily pollen consumption (DPC), published works, 
with a degree of variability in the amount of DPC, were considered 
(Aytop et al., 2019; Khalifa et al., 2021; Komosinska-Vassev et al., 2015; 
Kostić et al., 2020). Among these works, Komosinska-Vassev et al. 
(2015) reported the differential dosages for adults (37.5 g/day) and 
children (15 g/day) as a consequence of pollen’s therapeutic adminis-
tration. In this sense and based on the work by Kostić et al. (2020) an 
admission on the differential dosages for adults (40 g/day) and children 
(20 g/day) was adopted representing the worst-case scenario of con-
sumption. Based on this admission, the respective risk calculations were 
made. 

More specifically, the calculation of the estimated daily intake (EDI, 
Eq. (1)) in the current samples for both non-carcinogenic and carcino-
genic risk, is based on EFSA risk assessment approaches, USEPA rec-
ommendations and published works (Doabi et al., 2018), considering 
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the European population somatometric value for body weight. Similarly, 
the hazard quotient (HQ) has been computed following equation (2) (Eq. 
(2)): 

EDI =
FIR × C

BW
(1)  

where: EDI is the estimated daily intake (μg•kg− 1•d− 1). 
FIR (food intake rate, regarding pollen): 0.04 kg per adult per day, 

and 0.02 kg per children per day. 
C is the concentration of the detected element or compound (μg/kg). 
BW (average body weight): 70 kg for adults, and 15 kg for children. 

2.6.1. Non-carcinogenic risk 
The hazard quotient (HQ) was also estimated for each detected 

element and compound in pollen via its consumption. The HQs have 
been computed following equation (2) depicted below: 

HQ=
EDI × EF × ED

HBGV × AT
(2)  

where, HBGV, is the health-based guidance value (the oral reference 
dose (RfD), or the acceptable daily dietary intake (ADI), both in μg/kg/ 
day), EF (exposure frequency): 365 days/year, ED (exposure duration): 
4 and 27 for children and adults respectively, AT (average exposure time 
for non-carcinogens): 365 days × ED. 

The cumulative health risk was assessed by calculating the Hazard 
Index (HI, Eq. (3)): 

HI =
∑n

k=1
HQk = HQ1 + HQ2 + HQ3 + … + HQn (3)  

2.6.2. Carcinogenic risk 
For the estimation of the carcinogenic risk (CR) two endpoints, the 

EDI and the CPFo (Cancer Potency Factor, (mg/kg/d)− 1) were embraced. 
CPFo values were retrieved principally from the United States Environ-
mental Protection Agency (US-EPA, 2020), the Office of Environmental 
Health Hazards Assessment (OEHHA, 2020) and the Risk Assessment 
Information System (RAIS, 2020). For CR a 70-year AT was considered 
(365 days/year × 70 years). The CR was calculated based on the 
following equations (Eqs. (4) and (5)): 

CRk =EDI × CPFo × EF × ED/AT (4)  

CR=
∑n

k=1
CRk (5)  

Fig. 1. Box plots of trace elements concentration (A, higher levels in μg/g and B, lower levels in μg/g) in pollen samples (whiskers refer to the interquartile range).  
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3. Results – discussion 

3.1. Levels of trace and macro elements in bee pollen samples from Greece 

In the current study, macro (Mg, Na, K, P, Ca) and trace elements (B, 
Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Ag, Sn, Sb, Ba, Tl and 
U), including toxic heavy metals and metalloids (Pb, Cd, Hg and As), 
were quantified in 45 bee pollen samples from Greece. The detected 
concentrations of each individual element for all the bee pollen samples 
are illustrated in Table S5 while the distribution of the detected con-
centrations is presented in Figs. 1 and 2, by displaying the data averages 
and quartile. 

Macro elements presence in food although in trace quantities, is 
essential for the normal growth and function of the human body. In the 
current study, K was the most predominant macro element in terms of 
detected concentration, and its highest concentration was equal to 4,04 
× 104 μg/g. The next macro element with the highest concentrations 
observed was P whose concentration ranged between 4,83 × 103 and 
2,68 × 104 μg/g among the pollen samples, followed by Ca ranged be-
tween 1,65 × 103–1,37 × 104 μg/g and Mn between 0.89 × 103–6,10 ×
103 μg/g. Na concentration was detected at 9.20 to 1,30 × 103 μg/g. 

Besides macro elements, essential trace elements for the human body 
(Prashanth et al., 2015), such as Fe, Mn, Zn and Se were also detected in 
pollen samples. Fe was detected at the highest trace element concen-
tration at 1,49 × 103 μg/g. Other trace elements detected at quantifiable 
concentrations were Al, Zn, Mn and B. In particular, Al and Zn con-
centrations ranged between 20.83 and 1,17 × 103 μg/g and 40.08 to 
0.45 × 103 μg/g, respectively. As far as Mn and B concentrations are 
concerned, they ranged between 13.28–0.32 × 103 μg/g and 18.58 to 
0.30 × 103 μg/g, respectively. Apart from the essential trace elements, 
there are others, including Cu, Ni and Cr, that can be both essential and 
toxic, depending on their oxidation state, their concentration, and the 
time of human exposure, while there are elements that do not have any 
beneficial effects in the body at all and are characterized by high toxicity 
even at low concentrations. The metals/undesired trace elements of 
particular concern for harmful effects to human health are Hg, Pb, Cd, 
and As. However, these elements do not normally occur in food at levels 
that can provoke toxicological effects. This was also the case in the 
current study, in which the observed levels of aforementioned elements 
were found to be very low. More specifically, the average concentration, 
the mean concentration, the range of concentration and the frequency of 
detection (values ≥ LOQ) for the most harmful elements are presented in 
Table 1. 

Compared with previous chemical analysis studies conducted in 
pollen from Greece (Maragou et al., 2016, 2017a, b), the concentrations 
of the most harmful elements presented in the current study displayed 
similar levels. In particular, Maragou and co-workers (Maragou et al., 
2016, 2017a) reported levels of As and Hg, below 0.2 and 0.6 μg/g, 
respectively that are in agreement with the current detected levels, 
while the levels of Ca, Mg, Zn, Fe, Mn, Cu and Cr presented in another 
study analyzing Greek pollen (Maragou et al., 2017b) were lower 

compared to the current findings. In the same context, the detected 
concentrations of trace and especially of macro elements in this study 
were higher to the ones reported by Liolios and colleagues in Greek 
mono-floral bee pollen samples (Liolios et al., 2019). 

By comparing the presented findings with the levels reported in 
studies analyzing pollen from other neighboring or Mediterranean 
countries, such as Turkey (Altunatmaz et al., 2017; Kalaycioglu et al., 
2017; Ozcan et al., 2019; Temizer et al., 2018), Italy (Alvarez-Ayuso and 
Abad-Valle, 2017; Conti and Botre, 2001), Spain (Dominguez-Valhondo 
et al., 2011) and Serbia (Kostić et al., 2015), it was observed that the 
concentrations of the most hazardous elements were mostly low among 
the different studies. On the other hand, a fluctuation among the levels 
of the rest of trace elements was observed. The detected concentrations 
of the macro elements in the present study (depicted on Table S6) were 
found to be higher compared to previously reported ones. 

The discrepancies of the detected concentrations of trace and macro 
elements among the different studies could be attributed to the 
geochemical composition and mineralogy of the soil, to the geographical 
and botanical origin of the pollinating plants. Nevertheless, it was out of 
the scope of the presented study to investigate the impact of both pa-
rameters on the variability of the levels encountered, hence such in-
formation was not pursued. 

Despite the difference in levels observed in the aforementioned 
studies, the pattern of the quantified elements was found to be similar. 
More specifically, K was the most abundant macro element in terms of 
detected concentration, while among trace elements Fe, Zn, Mn and Al 
were the ones with the highest detected concentrations. 

In this context, the contribution of each element analysed in the 
current study to the total concentration was calculated based on the 
detected average concentration of each trace and macro element (The <
LOQ values were excluded from calculations of average concentrations, 
considering also the bibliographic approache ((Danieli et al., 2012) and 
references therein). 

In accordance with previous findings, K was the predominant macro 
element, contributing by 48% to the total concentration of macro ele-
ments, followed by P (32%). In the same context, Fe and Al were 
detected in high levels, covering the 33% and 22% of the total detected 
concentration of trace elements in pollen samples, followed by Zn 
(16%), B (12%), and Mn (10%). The contribution of the rest of the 
quantified trace elements, was below 10% their overall concentration, 
with hazardous elements’ respective contribution being lower than 1%. 

3.2. Levels of pesticide residues in bee pollen samples from Greece 

Based on the current findings, 18 compounds out of 242 active in-
gredients of pesticides were detected in bee pollen, with insecticides and 
acaricides being predominant. The number of the detected compounds 
per positive sample varied between 1 and 4. In 16 of the 45 pollen 
samples, no pesticide residues were detected, while one sample con-
tained the maximum detections of 4 different compounds. 1 or 2 
different compounds were detected in 12 samples for each case, while 
the rest 4 samples contained residues of 3 different compounds. 

In terms of detection incidence, coumaphos was the most predomi-
nant active substance (22%), followed by propargite (11%), azox-
ystrobin (9%), dimethoate (9%) and cypermethrin (9%) (Table 2), with Fig. 2. Box plot of macro elements concentration (μg/g) in pollen samples.  

Table 1 
Toxic elements profile in pollen samples.  

Elements Mean (μg/ 
g) 

LOQ (μg/ 
g) 

Range (μg/ 
g) 

Frequency of detection 
(%) 

Hg 0.01 0.002 <LOQ – 0.05 47 
Pb 0.22 0.01 <LOQ – 1.05 84 
Cd 0.22 0.01 0.03–1.05 100 
As 0.11 0.01 0.01–0.67 100 
Cr 0.70 0.025 0.14–3.47 100 
Ni 0.59 0.025 0.083–1.36 100  
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the concentration of the latter being verified by both LC-ESI-MS/MS and 
GC-MS/MS. Neonicotinoids were found in 7% of the pollen samples. In 
the same context, bifenthrin, tebuconazole and fluoryram were also 
detected at the same percent (7%). The rest of the quantified pesticide 
residues were found in less than 4% (Table 2). 

According to the current results, the detected concentration ranged 
between 0.8 and 34 μg/kg, with the highest average concentrations 
found being the one of phosmet (20.2 μg/kg) and dimethoate (16.2 μg/ 
kg). At this point, it is worth mentioning that phosmet was detected in 
only one pollen sample, while dimethoate in four. Tebuconazole, 
cyfluthrin and azoxystrobin were also detected at relatively high levels 
(Table S7). 

In the pollen samples analysed, the established (maximum residue 
limits) MRLs (MRL-Pesticides-EU, 2021) were not surpassed. For 
dimethoate, none MRL in honey and apiculture products was defined 
until the end of 2020 (in EU or by the Food and Agriculture Organization 
of United Nations, FAO). Assuming a comparison with the currently 

applicable MRL (effective after the February 9, 2021 
(EU-REG-2021/155, 2021)) an exceedance of it could be contemplated 
in one case. However, non-authorized, banned or withdrawn pesticides, 
such as the neonicotinoids clothianidin, imidacloprid and thiacloprid, 
the pyrethroid cyfluthrin, and others were also detected (Table 2). For 
neonicotinoids, even though their outdoor uses are prohibited since May 
2018, their detection is not surprising considering, for example, that 
clothianidin’s approval expired April 2019 (Clothianidin-expiry), and 
thiacloprid’s approval was withdrawn early February 2020 (Thiaclo-
prid-expiry). Similar is the legislative part for other substances. Among 
them, bifenthrin was banned for agricultural use since July 2019 
(Bifenthrin-expiry), though it is allowed for the preservation of chopped 
wood. Overall, for plant protection products usually a “grace period” (e. 
g., up to 18 months) is adopted by the majority of European countries to 
phase-out the product. Hence, detection of these products happens 
frequently within this period or shortly after expiration of their 
approval. In the presented study, detections of pesticides occurred both 

Table 2 
Profile of the detected pesticide residues in pollen samples.  

Compound Type of 
Active 
Substance 

Mean 
(μg/ 
kg) 

Concentration 
range (μg/kg) 

Number 
of 
positive 
samples 

% of 
analysed 
samples 

MRLe (μg/kg) ( 
MRL-Pesticides-EU, 
2021) 

Current 
authorization 
-EU regulation 
statusa 

End of 
Authorization 

Sourcec 

Azoxystrobin Fungicide 7.4 1.5–22.0 4 9 50 Approved   
Bifenthrin Insecticide 8.9 1.9–15.9 3 7 50 No approval July 31, 2019 https://eur-lex.europa.eu/legal-conte 

nt/EL/TXT/PDF/?uri=CELEX: 
32019R0324&from=EN 

Chlorpropham Herbicide 3.6 3.1–4.1 2 4 50 No approval October 8, 2020 https://eur-lex.europa.eu/legal-conte 
nt/EL/TXT/PDF/?uri=CELEX:32019 
R0989&from=EN 

Clothianidin Insecticide 4.2 – 1 2 50 No approval December 19, 
2018 

https://eur-lex.europa.eu/legal-conte 
nt/EL/TXT/PDF/?uri=CELEX: 
32018R0784&from=EN 

Coumaphos Acaricide 3.6 0.8–22.7 10 22 100 Approved   
Cyfluthrin Insecticide 7.9 – 1 2 50 No approval April 30, 2014 https://eur-lex.europa.eu/legal-conte 

nt/EL/TXT/PDF/?uri=CELEX:320 
14R0460&from=EN 

Cypermethrin Insecticide 5.5 0.8–12.8 4 9 50 Approved   
Dimethoate Insecticide 16.2 2.1–34 4 9 10b No approval Withdrawal of 

authorizations: 
December 31, 
2019d 

https://eur-lex.europa. 
eu/legal-content/EL/TXT/PDF/? 
uri=CELEX:32019R1090R(01)& 
from=EN 

Fluopyram  2.2 0.8–3.9 3 7 50 Approved   
Imidacloprid Insecticide 3.2 1.1–7.2 3 7 50 No approval December 1, 

2020 
https://eur-lex.europa.eu/legal-conte 
nt/EL/TXT/PDF/?uri=CELEX:3 
2020R1643&from=EN 

Methiocarb Insecticide 2.9 – 1 2 50 No approval April 3, 2020 https://eur-lex.europa.eu/legal-conte 
nt/EL/TXT/PDF/?uri=CELEX:32019 
R1606%26from=EN 

Omethoate Insecticide 6.5 – 1 2 10 No approval Dimethoate 
metabolite 

https://ec.europa.eu/food/plant 
/pesticides/eu-pesticides-database 
/active-substances/?event=as.details 
&as_id=921 

Phosmet Insecticide- 
Acaricide 

20.2 – 1 2 50 Approved   

Propargite Acaricide 3.2 1.1–5.5 5 11 50 No approval December 31, 
2012 

https://eur-lex.europa.eu/legal-conte 
nt/EL/TXT/PDF/?uri=CELEX:3 
2011R0943&from=EN 

Pyraclostrobin Fungicide 5.5 3.2–7.8 2 4 50 Approved   
Thiacloprid Insecticide 6.6 1.0–11.2 3 7 200 No approval August 3, 2020 https://eur-lex.europa.eu/legal-conte 

nt/EL/TXT/PDF/?uri=CELEX:3 
2020R0023&from=EN 

Tebuconazole Fungicide 9.3 0.9–17.7 3 7 50 Approved   
Tau- 

fluvalinate 
Insecticide- 
Acaricide 

6.3 1.8–10.8 2 4 50 Approved    

a Agricultural use. 
b Reg. (EU) 2021/155, legislation applicable after February 9, 2021, available at https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0155 

&qid=1639671864040&from=el. 
c https://eur-lex.europa.eu/homepage.html, and specific links in the Table. 
d Grace period for plant protection products used on cherries: September 30, 2019, Grace period for plant protection products used on other crops: June 30, 2020, 

Resource from the Greek Ministry of Rural Development and Food, https://1click.minagric.gr/oneClickUI/frmFytoPro.zul 202. 
e MRL: Maximum Residue Limit. 
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before and after the end of their approval, including the grace period. 
For dimethoate indicatively, all detections cover this timeline (end of 
June 2020, see Table 2). Cyfluthrin and propargite detections occurred 
far after the prohibition of their use. Nevertheless, despite its long-
standing end of authorization, propargite is a known acaricide, and its 
detection is in line with recent literature concerning its prevalence in 
apicultural commodities (Lozano et al., 2019). 

3.3. Human health risk assessment 

Risk assessment for human health related to pollen consumption and 
presence of the detected elements and pesticide’s residues was esti-
mated, considering the HBGVs (RfD and ADI), along with the EDI. In 
particular, the HBGVs of the most toxic elements were retrieved from the 
scientific opinions of European Food Safety Authority (EFSA) (Arsen-
ic-EFSA, 2009; Cadmium-EFSA, 2012; Mercury-EFSA, 2012) and US 
EPA (US-EPA, 2020), and they were equal to 0.3, 0.36, 0.1, 2, 3, and 20 
μg/kg b.w. per day for As, Cd, Hg, Pb, Cr, and Ni respectively. The 
HBGVs both for trace elements and for the detected pesticide residues 
are presented in Table 3. 

For the investigation of the EDI at the worst-case scenario, the 
maximum recommended amount of pollen consumption was used (see 
section 2.6 as well), though the Directorate-General for Health and Food 
Safety (SANTE) considers its consumption negligible 
(SANTE/11956/2016, 2018). Hence, it is expected that an over-
estimation of risk will be depicted in the respective non-carcinogenic 
and carcinogenic risk calculations. Moreover, HQ values for the most 
toxic elements and for the detected pesticide residues were calculated in 
each pollen sample for both adults and children (Table S8 and Table S9). 
HQs calculated based on the highest detected concentrations (worst case 
scenario) of the detected toxic elements or compounds are also pre-
sented in Table 3. 

3.3.1. Non-carcinogenic risk 
According to US EPA, 2000 (Bommuraj et al., 2019; US-EPA, 2020), 

HQ for a specific chemical and HI values for mixture of chemicals, below 
1 are indicative of no specific concerns for human health of the con-
sumer, while values of HQ and HI ≥ 1 indicate an increased health risk 
for consumers. 

In the current study, most of the HQ values of elements calculated for 
adults were below the threshold value of 1, indicating that pollen 
samples studied herein do not raise warning signs related to safety for 
human consumption. However, there are six analysed samples, in which 
HQs of elements for adults are higher than 1, attributed to relatively 
elevated As and Cd concentrations (Table S8). In these cases, the con-
sumption of the certain pollen samples is not recommended, since it 
raises concerns over potential human health adverse effects. As far as 
HQ values of elements calculated for children are concerned, they were 
found to be higher than 1 more frequently (12 samples, mostly due to As 
and Cd, and in one sample due to Cr) compared to the HQs for adults, 
provoking concerns for their consumption. Considering though that the 
amount of daily consumption of pollen used for the calculations repre-
sents the worst case scenario (the consumption rate used for the risk 
estimation are not based on actual consumption data but principally at 
recommendations for therapeutic uses, which are not expected to be 
followed as a daily diet), and the fact that children seldom consume 
pollen (especially in its raw form), it could be hypothesized that children 
could consume pollen or products in which pollen is an ingredient, 
without concerns for their health. Similar were the conclusions, when 
the sum of HQs for elements in each sample was calculated for adults 
and children. 

The calculated HQs based on the exposure of the consumers to the 
highest detected concentrations of pesticide residues was below 1 for all 
the pollen samples both for adults and children (consumption of pollen 
at the highest recommended daily rate) indicating negligible health risk 
due to pesticides. Similarly, the HI calculation for individual samples 
resulted in the same conclusion. 

Table 3 
Active substances and elements’ maximum concentration (μg/kg), EDI, HBGVs and calculated HQ values.  

Active substances Concentration (μg/kg) EDIa (μg/kg/day) HBGVsb (μg/kg/day)d HQc 

Adults Children Adults Children 

Azoxystrobin 22 0.013 0.029 200 6.29E-05 1.47E-04 
Bifenthrin 15.9 0.009 0.021 15 6.06E-04 1.41E-03 
Chlorpropham 4,1 0.002 0.005 50 4.69E-05 1.09E-04 
Clothianidin 4,2 0.002 0.006 97 2.47E-05 5.77E-05 
Coumaphos 22.7 0.013 0.030 0.3 0.043 0.101 
Cyfluthrin 7.9 0.005 0.011 3 1.50E-03 3.51E-03 
Cypermethrin 12.8 0.007 0.017 50 1.46E-04 3.41E-04 
Dimethoate 34 0.019 0.045 1 0.019 0.045 
Fluopyram 3.9 0.002 0.005 12 1.86E-04 4.33E-04 
Imidacloprid 7.17 0.004 0.010 60 6.83E-05 1.59E-04 
Methiocarb 2.9 0.002 0.004 13 1.27E-04 2.97E-04 
Omethoate 6.5 0.004 0.009 0.3 0.012 0.029 
Phosmet 20.2 0.012 0.027 10 1.15E-03 2.69E-03 
Propargite 5.5 0.003 0.007 7 4.49E-04 1.05E-03 
Pyraclostrobin 7.8 0.004 0.010 30 1.49E-04 3.47E-04 
Thiacloprid 11.2 0.006 0.015 10 6.40E-04 1.49E-03 
Tebuconazole 17.7 0.010 0.024 30 3.37E-04 7.87E-04 
Tau-fluvalinate 10.8 0.006 0.014 5 1.23E-03 2.88E-03 
Elements 
Pb 1052 0.601 1.403 2 0.301 0.701 
Cd 1051 0.601 1.402 0.36 1.669 3.895 
Hg 51 0.029 0.068 0.1 0.293 0.685 
As 673 0.385 0.898 0.3 1.283 2.995 
Cr 3469 1.982 4.626 3 0.661 1.542 
Ni 1359 0.777 1.812 20 0.039 0.091  

d For pesticides, ADI values were retrieved from PPDB, University of Hertfordshire database (PPDB). 
a Estimated Daily Intake (EDI). 
b Health Based Guidance Values (HBGVs). 
c Hazard Quotient (HQ). 
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3.3.2. Carcinogenic risk 
Pb, Cd, Cr, Hg, Ni and As have been already classified as carcinogenic 

or probable carcinogenic to humans (IARC, 2012). Especially, Cd, Cr, Ni 
and As belong to category 1 of undesired trace elements for cancer 
(IARC, 2012). Thus, the carcinogenic risk of these elements was calcu-
lated considering CPFo values. Cd and Hg were excluded, since CPFo is 
not yet assigned for these elements. With regard to the pesticides 
detected in this study, to the best of our knowledge, only for the acari-
cide propargite and neonicotinoid thiacloprid a CPFo value is assigned. 
EFSA conclusions underscore a carcinogenic potential for propargite on 
different organs in two strain of rats (EFSA-Propargite, 2011) and neo-
plasias in both rats and mice for thiacloprid and its metabolites 
(EFSA-Thiacloprid, 2019). Overall, CR was considered negligible when 
it was lower than 1 × 10− 6, and likely harmful when above 1 × 10− 4. 
Values in the range of 1 × 10− 6 to 1 × 10− 4 manifest an acceptable or 
tolerable risk (US-EPA, 2020). Pb demonstrated negligible risk for both 
adults and children. Calculated CRk for As surpassed the 1 × 10− 4 

threshold in 8.9% of samples for adults. Rest of values fell within the 
tolerable risk range. In the same context, none exceedance of the 1 ×
10− 4 threshold was observed for children. Regarding Cr, the CRk values 
for adults surpassed the alarming level of 1 × 10− 4 in 20% of samples 
and only in 2.2% of the samples for children. CRk calculation for Ni 
unveiled relatively high risk levels for approximately half of the samples 
(46.7%) for adults and tolerable CRk for children. Consequently, in the 
presented work, when considering Ni concentrations predominantly, 
and in less extent Cr and As levels, in some samples an unreasonable CR 
can be inferred for adults. The latter, irrespectively of the likely “unre-
alistic” worst case scenario of pollen’s daily consumption and its 
continuation for years, should be treated with caution. With regard to 
pesticides, when assessing the maximum levels encountered, propargite 
and thiacloprid dietary exposure resulted a negligible risk. Similar 

outcomes were reached after summing all individual CRk values. The 
calculated individual CRk for the maximum concentrations obtained are 
illustrated in Table 4. 

For the carcinogenic risk assessment of non-genotoxic carcinogens, 
an additional approach considering the Margin of Exposure (MoE) tool, 
is also contemplated by risk assessors. More specifically, MoE parallels 
the pragmatic human exposure (e.g., maximum as a worst case) with the 
point of departure (the dose at which a biological response is first evi-
denced (Sturla, 2018)), exemplified by the benchmark dose (BMD) 
(Hardy et al., 2017). The latter is epitomized by the BMD lower confi-
dence limit value (BMDL) for a low percent of cancer risk. For some 
metals and undesired trace elements, BMDL values exist ((BMDL01 = 0.3 
μg kg− 1•d− 1, (Arsenic-EFSA, 2009), for Cr, a BMDL10 is set at 90 μg 
kg− 1•d− 1 (BMDL-Chromium, 2015).) With regard to Ni, which is clas-
sified carcinogen only via inhalation there is no established BMDL value 
associated with carcinogenicity through oral exposure. Due to: a) the 
heterogeneity of the percent of cancer risk from which available BMDL 
values are derived for individual metals, and b) the already presented 
carcinogenic risk assessment the MoE was not further investigated. 
Nevertheless, its utility should not be disregarded under holistic health 
risk assessment schemes. 

3.3.3. Chemical mixtures 
Biomagnification of chemicals in food (Alonso et al., 2008; Kelly 

et al., 2007) and subsequent bioaccumulation in a plethora of organisms 
(Kandyliari et al., 2021; Rabadjieva et al., 2021) has been documented 
by a multitude of works involving also risk assessment, due to the 
build-up of toxic chemicals. In the same context, it is undisputable that 
several classes of chemicals with toxic potential may occur in food 
commodities. More specifically, effects of chemical mixtures (such as 
different pesticides or other organic contaminants and heavy metals, 

Table 4 
CR values (worst case scenario), maximum concentrations (μg/kg), and carcinogenic potential for pesticides.  

Active 
substances 

Concentration (μg/ 
kg) 

CPFob (mg/kg per day)a CRkc 

(adults) 
CRkc 

(children) 
Carcinogenic potential 

Azoxystrobin 22 NA - - No carcinogenic potential (EFSA-Azoxystrobin, 2010) 
Bifenthrin 15.9 NA - - Suggestive Evidence of Carcinogenic Potential (EFSA Bifenthrin, 

2011) 
Chlorpropham 4.1 NA - - Suspected of causing cancer (EFSA-Chloropropham, 2017) 
Clothianidin 4.2 NA - - Unlikely to pose a carcinogenic risk to humans (ECHA-Clothianidin, 

2014) 
Coumaphos 22.7 NA - - Not Likely to be Carcinogenic to Humans (Coumaphos-EMA) 
Cyfluthrin 7.9 NA - - Not Likely to be Carcinogenic (EFSA beta-Cyflutrhin, 2018) 
Cypermethrin 12.8 NA - - Not Likely to be Carcinogenic (EFSA-Cypermethrin, 2018) 
Dimethoate 34 NA - - Suggestive Evidence of Carcinogenic Potential (EFSA-Dimethoate, 

2018) 
Fluopyram 3.9 NA - - Limited evidence of carcinogenic effect (EFSA-Fluopyram, 2013) 
Imidacloprid 7.2 NA - - No Evidence to be Carcinogenic (EFSA-Imidacloprid, 2008) 
Methiocarb 2.9 NA - - Not classified as carcinogen (EFSA-Methiocarb, 2018) 
Omethoate 6.5 NA - - See dimethoate 
Phosmet 20.2 NA - - Status not identified (EFSA-Phosmet, 2011) 
Propargite 5.5 3.27E-05 (Valcke et al., 

2017) 
4.0E-08 2.7E-08 Limited evidence of carcinogenic effect (EFSA-Propargite, 2011) 

Pyraclostrobin 7.8 NA - - No evidence of a carcinogenic effect of pyraclostrobin ( 
BVL-Pyraclostrobin, 2001) 

Thiacloprid 11.2 4.06E-05 ( 
Thiacloprid-CPF) 

1.0E-07 6.9E-08 Carcinogen category 2 (EFSA-Thiacloprid, 2019) 

Tebuconazole 17.7 NA - - Carcinogenicity not relevant for humans (EFSA-Tebuconazole, 2014) 
Tau-fluvalinate 10.8 NA - - No carcinogenic potential relevant to humans (EFSA-tau-fluvalinate, 

2010) 
Elements 
Pb 1,052 0.0085 2.0E-06 6.8E-07  
As 673 1.5 2.2E-04 7.7E-05  
Cr 3,469 0.5 3.8E-04 1.3E-04  
Ni 1,359 0.91 2.7E-04 9.4E-05  

NA: Not-Available. 
a Doabi et al. (2018); OEHHA (2020); US-EPA (2020). 
b Cancer Potency Factor. 
c Carcinogenic Risk. 
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and their combinations) in living organisms have been the objective of 
many studies of pharmacological, toxicological and ecotoxicological 
interest (Basu et al., 2021; Kopp et al., 2020; Rodea-Palomares et al., 
2015; Singh et al., 2017; Wallace and Buha Djordjevic, 2020). All these 
studies, advocate that concomitant monitoring of a diversity of chemical 
groups is essential to decipher the interactions between chemicals. 
Though the attempt of connecting the presented findings with published 
works on specific mixtures (and their potential health effects) did not 
unveil identical mixtures nor comparable concentration levels and 
matrices, it cannot be excluded that such effects can be provoked by 
exposure to mixtures of the presented work, particularly if viewed from 
a chronic consumption perspective. The latter is partially substantiated 
by the health risk assessment findings of this work. Still, mixture toxicity 
is in need of works and case studies, whose results will assist the inter-
pretation of other works’ outcomes and facilitate risk assessment. In 
exemplary pollen samples (samples 2 and 6) of the presented work, Ni 
(Table S5) was simultaneously identified with three active substances 
(cypermethrin, fluopyram, and coumaphos, Table S7), and similarly Cd 
with cypermethrin, thiacloprid and azoxystrobin. With this in view, the 
combination of Ni with another organophosphate, chlorpyrifos, was 
reported to produce differential response compared to individual 
exposure in marine bivalves (Dondero et al., 2011). The joint effects of 
Cd and four pesticides in the earthworm, Eisenia fetida, have been also 
documented by Yu and co-workers (Yu et al., 2019), while Cd with 
chlorpyrifos induced hepatotoxicity after in vitro assessment in human 
hepatocyte cells (Chen et al., 2013). Another research group investi-
gating the Sri Lankan agricultural nephropathy, concluded that heavy 
metals and the debated herbicide glyphosate may play a role in this 
pathogenesis (Jayasumana et al., 2015), though the dietary exposure 
and its potential consequences were not the forefront of this study. Kopp 
and colleagues assessed food contaminant mixtures’ (containing 
>10–20 contaminants of several chemical classes including heavy 
metals) and concluded that genotoxic and mutagenic effects were 
envisaged from data of French diet, using in vitro testing on human 
hepatoma and epithelial colorectal adenocarcinoma cells. Two of these 
mixtures (assigned as “simple” and “vegetarian” diet) induced geno-
toxicity and mutagenicity with comparable performance (Kopp et al., 
2018). It is noteworthy that one of these mixtures contain some elements 
(Ni, As, Pb, Cd) and one pesticide (Phosmet) combinations of them 
simultaneously quantified in the presented work. Same group also 
demonstrated through several cell biology experiments (i.e., cytotox-
icity, mutagenicity) using as indicator the DNA damage (γH2AX) that 
simultaneous exposure to binary mixtures of heavy metals (Cd and As) 
exacerbate toxic effects (Kopp et al., 2020). In the same context, the 
combination of As and Pb (indicatively a synchronous quantitation at 
relatively high levels in sample 34, Table S5) was reported to be 
neurotoxic and cytotoxic in rats (Mejia et al., 1997). 

The presented results and the bibliography reports, highlight the 
significance of a broad analytical scope of the laboratories involved in 
environmental and food chemistry. Such analytical capabilities are 
valuable when assessing findings in food commodities, from the 
perspective of dietary exposure and subsequent human health risk 
assessment. The latter can aid also the elucidation of the mechanisms (e. 
g., interplay with oxidative stress or other imbalances) that govern these 
phenomena, as Chen and colleagues revealed that the chlorpyrifos-Cd 
complex expedites an intracellular transport associated with oxidative 
stress which seems to be the driving force of the induced hepatotoxicity 
(Chen et al., 2013). 

4. Conclusion 

Sensitive and selective chemical analytical methods were applied, to 
unveil the macro and trace elements’ profile of pollen samples collected 
in Greece during 2020, along with the pesticides burden. Consequently, 
concomitant detections of 18 active substances of pesticides (concen-
trations in the range of 0.8–34 μg/kg) with some hazardous heavy 

metals were reported for the first time in Greek bee pollen. Non- 
carcinogenic health risk assessment indicated that in the majority of 
cases, the potential risk was negligible for both children and adults. 
Nevertheless, the carcinogenic risk calculations disclosed predomi-
nantly Ni and is less extent Cr and As, as risk drivers, exhibiting in 
several samples carcinogenic risk values for adults above the safety 
threshold. Even though the latter represent an overestimation of the risk, 
since risk calculations considered the “worst case” scenario of a daily 
consumption of pollen intended primarily for therapeutic purposes, 
some of the findings should be treated with caution. From another 
standpoint, the bee pollen’s mineral elements’ profile verified that it can 
be a prominent source of several beneficial for human health elements. 
Overall, since pollen can accumulate organic chemicals along with 
mineral elements and heavy metals of varying concentrations, it can be 
used as an indicator of the environmental pollution and provide valu-
able information for the better management of apiculture at regional 
and wider range. Future research includes the non-targeted screening of 
organic chemicals using high resolution mass spectrometry systems, and 
the inclusion of additional elements in the analytical portfolio. 
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