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Abstract

Heavy metal toxicity is an ecological concern in regions affected by processes like mining.
This study underscores the potential of honey as a natural bioindicator for monitoring and
assessing the levels of environmental contamination in mining-impacted areas. The study
evaluated the physico-chemical characteristics, heavy metal content, and antimicrobial
activity of honey samples collected from areas adjacent to former mining sites, as well as
from protected areas within the same county in Romania. The results revealed significant
differences between the two categories of locations. The samples from the protected areas
showed higher levels of bioactive compounds (phenols and flavonoids) and exhibited
stronger antibacterial activity. The heavy metal analysis indicated significantly higher
concentrations of lead, cadmium, and iron in the honey samples from former mining areas
compared to those from protected zones, suggesting pronounced industrial-origin con-
tamination. The maximum recorded values were for Pb (0.607 mg/kg), Cd (0.02 mg/kg),
Fe (12.131 mg/kg), Cu (0.545 mg/kg), and Zn (6.170 mg/kg). Their antimicrobial activity
was tested against several bacterial and fungal strains, including Escherichia coli, Salmonella
enteritidis, Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis, Bacillus
cereus, Listeria monocytogenes, Candida albicans, Aspergillus niger, Aspergillus flavus, Penicil-
lium chrysogenum, Rhizopus stolonifer, Fusarium oxysporum, and Alternaria alternata. The
antibacterial and antifungal activity were more pronounced in the honey samples from
the protected areas. These findings support the use of honey as a bioindicator of environ-
mental quality and highlight the influence of its geographical origin on its therapeutic and
chemical properties.
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1. Introduction
Honey is a complex natural substance rich in bioactive compounds of both plant and

bee origin [1]. Its chemical composition varies significantly depending on the botanical
source, seasonal dynamics, and environmental conditions [2]. As a natural bioindica-
tor, honey can accumulate and reflect environmental pollutants, providing insight into
ecosystem health and contamination levels [3]. In areas impacted by mining activities,
the presence of contaminants, such as heavy metals, can further influence the quality and
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safety of honey, reflecting the local ecological status [4]. Honey is regarded as a complex
bioindicator of environmental contamination, particularly in mining-affected areas, as the
foraging activity of honeybees facilitates their direct and prolonged exposure to airborne
and soil-associated pollutants [5]. Honeybee health is also increasingly compromised by a
combination of biotic (parasites, pathogens) and abiotic (pesticides, pollutants, and climate
change) stressors. These stressors can weaken bees’ innate immune systems, increasing
their vulnerability to infections and environmental hazards [6]. Modern strategies to pro-
tect colony health aim to reduce exposure and support immune resilience through natural
compounds and innovative technologies [7].

Globally, the number of bee colonies has increased by approximately 85% over the past
six decades, surpassing 100 million hives according to the FAO [8]. However, this positive
trend has been overshadowed by the intensification of industrial and urban pollution, which
exposes bees and bee products to increasingly higher concentrations of particulate matter,
pesticides, fertilizers, industrial emissions, heavy road traffic, and various atmospheric
deposits [9]. Bees are increasingly exposed to environmental contaminants, especially
in urban and industrial areas, where air pollution is intense. One of the most important
sources of contamination is particulate matter (PM10 and PM2.5), which can carry heavy
metals such as lead, nickel, cadmium, and arsenic. These particles settle on the leaves
and flowers of plants, where they are then unintentionally collected by bees along with
nectar and pollen [10]. The transport of airborne dust containing heavy metals and their
deposition onto plant leaves is intensified in areas affected by mining activities, where the
lack of vegetation promotes wind erosion. These particles can be carried by wind over
considerable distances and may settle on the surfaces of leaves and flowers, which, due to
their morphology, more easily retain atmospheric particles [11]. Regarding honey, bees can
accumulate heavy metals from contaminated pollen, nectar, and water, as well as through
direct contact with airborne particles that settle on leaves and flowers and can adhere to
their bodies. Plants can also absorb heavy metals directly from the soil through their roots,
with the metals being translocated to the stems, leaves, flowers, nectar, and pollen [12].

Additionally, emissions from industry, the burning of fossil fuels, and heavy road
traffic contribute to the release of significant amounts of heavy metals into the atmosphere,
which then enter the beekeeping ecosystem [13]. Even agricultural practices, such as the
use of fertilizers and pesticides, can promote the accumulation of these toxic elements in
the soil, from which they are absorbed by nectar-producing plants [14]. All of these factors
lead to the progressive contamination of honey and other bee products, putting both the
health of bee colonies and the safety of human consumers at risk. Given its sensitivity
to environmental changes, honey serves not only as a valuable food product but also as
a biological matrix for monitoring pollution levels [15]. In mining-affected regions, the
accumulation of toxic elements, such as lead, cadmium, and arsenic, in honey may provide
insight into the extent of environmental contamination and potential risks to ecosystem
and human health [16].

In various geographic regions, the contamination of soil and water resources with
heavy metals has become a growing environmental concern. This phenomenon is particu-
larly pronounced in areas characterized by high levels of anthropogenic activity, such as
urbanized and industrialized zones, mining and fossil fuel extraction sites, and intensively
managed agricultural landscapes [17]. The persistence and mobility of these toxic elements
in the environment pose significant risks to ecological systems and human health, making
their monitoring and assessment a priority in environmental research and policy [18].

The accumulation of heavy metals in Apis mellifera and its products is closely associated
with the ambient atmospheric concentrations, with the particulate matter (PM10) levels
playing a significant role in the elevated detection of lead (Pb) and nickel (Ni) within
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these organisms [19]. Given the risks that heavy metal contamination poses to human
health, it is essential that such correlations with other pollution factors be regulated through
strict standards [20], as is the case with Regulation (EC) No. 1881/2006. It highlights the
importance of food safety by establishing strict limits for contaminants, and in the case of
honey, the focus is on lead (Pb), with a maximum allowable limit of 0.10 mg/kg due to its
toxic effects on human health [21].

The aim of this study is to monitor the heavy metal content in honey and to highlight
its variation based on the specific characteristics of the area where an apiary is located,
by comparing regions affected by mining activities with protected natural areas. The
study also seeks to correlate contamination levels with the physico-chemical properties and
antimicrobial activity of bee products, emphasizing the potential of honey as a bioindicator
of environmental quality.

2. Materials and Methods
2.1. Honey Samples and the Description of the Area

In July 2024, 1–2 kg of polyfloral honey (with a moisture content of approximately
16–18% at the time of sampling) was collected from each apiary (from about 100 hives
per apiary), out of the total amount harvested by beekeepers. A total of 8 honey samples
were collected, including 4 composite honey samples from mining areas (Table 1) and
4 composite samples from adjacent protected areas (Table 2). The composite samples
consisted of homogenized honey from the same apiary, originating from approximately
100 beehives. Each composite sample was divided into 3 subsamples, so that each could
be analyzed in triplicate. The samples were collected from plastic containers in which
the honey was stored. They were then placed in glass jars and kept at a temperature of
approximately 2–8 ◦C until analysis.

Table 1. Identification of honey samples from locations associated with mining operations in Romania.

Sample
No. County Area Mineral Resource Type

S1 Alba Zlatna Mining Operation,
Hanes, Mine

Gold, silver, copper, lead,
and zinc.

S2 Hunedoara Certeju de Sus Mining
Operation

Gold, silver, copper, lead,
and zinc.

S3 Bihor Băit,a Mining Operation Gold, silver, copper, lead,
zinc, and uranium.

S4 Harghita Bălan Mining Operation Copper, gold, silver, lead,
and zinc.

Table 2. Identification of honey samples collected from protected natural areas in Romania.

Sample
No. County Area Biodiversity Protection Site

SS1 Alba Almas, u Mare Commune ROSCI0029 Glodului, Cibului,
and Măzii Gorges

SS2 Hunedoara Bals, a Commune ROSPA0132 Metaliferi
Mountains

SS3 Bihor Cris, tioru de Jos
Commune ROSCI0324 Bihor Mountains

SS4 Harghita Bălan Town ROSAC0027 Bicaz–Hăs, mas,
Gorges
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Table 1 presents the identification of the honey samples collected from areas located in
the vicinity of former mining sites in Romania, highlighting the geographical location and
the types of mineral resources associated with each area.

Table 2 includes the identification of the honey samples collected from protected
natural areas in Romania, indicating the administrative location and the sites of community
or avifaunal importance where each apiary’s area is located.

Figure 1 presents a map of Romania showing the locations where the honey samples
were collected, both from areas near mining operations and from protected natural zones,
highlighting the geographical distribution of the apiaries analyzed in the study.

Figure 1. Geographical distribution of honey sampling points analyzed from various areas affected
by mining activities and from protected natural zones.

1. The Zlatna Mining Operation—Hanes, Mine (Alba County), located in the Apuseni
Mountains, has a millennia-long mining tradition. Industrial exploitation began in the
18th century under Austrian administration, focusing on polymetallic ores—mainly
copper, as well as gold, silver, lead, and zinc. The mine expanded significantly during
the communist era, becoming part of the Zlatna Mining Complex after nationalization
in 1948. Operations declined in the 1990s, due to declining resources, high operational
costs, and environmental issues, and it was officially closed in 2003. The area has
undergone ecological rehabilitation, through heavy metal pollution and abandoned
infrastructure remain [22,23].

2. The Certeju de Sus Mining Operation (Hunedoara County), part of the gold-rich
Metaliferi Mountains, was industrially developed starting in the 19th century and in-
tensified under communism. The mine produced complex ores rich in gold and silver,
as well as copper, lead, and zinc. Its mineralization is characterized by the presence of
auriferous pyrites, commonly associated with galena, sphalerite, chalcopyrite, and
gold tellurides. It became a key site within the Deva Mining Complex, equipped with
flotation plants and concentrating processing facilities. A major ecological disaster
occurred in 1971 due to a tailings dam failure. Declining profitability led to its closure
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in 2006. Recent years have brought ecological efforts and controversial plans to restart
mining using cyanide, which have faced strong public opposition [24,25].

3. The Băit,a Mining Operation (Bihor County), a historically significant site, shifted
from polymetallic mining to uranium extraction after World War II in collaboration
with the Soviet Union (Sovrom-Kvart,it). Mining was conducted under hazardous,
secretive conditions involving political prisoners. Post-Soviet operations continued
under Romanian control but declined after 1990. In addition to uranium, the Băit,a
area also produced smaller quantities of gold, silver, molybdenum, bismuth, and
other rare metals. Mining activity was officially discontinued in the 2000s. Never-
theless, the former mining perimeter remains under environmental monitoring, as
radioactive waste deposits and ongoing soil and water contamination continue to
pose a significant ecological risk [26,27].

4. The Bălan Mining Operation (Harghita County), active since the late 18th century,
was a major copper extraction site. The primary mineral extracted was copper ore
(chalcopyrite), although the deposit also contained variable amounts of gold, silver,
pyrite, galena (lead sulfide), and sphalerite (zinc sulfide). The Bălan mine was officially
closed in 2006. In recent years, the area around the former mine has been undergoing
ecological rehabilitation, though issues related to heavy metal pollution and landscape
degradation persist, caused by abandoned industrial buildings and abandoned mining
galleries [28,29].

Figure 2 shows the geographical location of the honey sample collection points (S1–S3,
SS1–SS3) in Romania, highlighting both the areas affected by mining and the protected
areas, while Figure 3 shows the geographical location of the honey sample collection points
S4 and SS4 in Romania.

Figure 2. Geographical location of honey sampling points S1–S3 and SS1–SS3 in Romania.
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Figure 3. The geographical location of the honey sample collection points S4 and SS4 in Romania.

1. The Natura 2000 Site ROSCI0029 Glodului, Cibului, and Măzii Gorges, is a 735 ha
Site of Community Importance (SCI) located entirely in Alba and Hunedoara coun-
ties, within the Continental biogeographical region. The following protected habi-
tat types and species of conservation interest have been identified within the site:
6110 *—Rupicolous calcareous or basophilic grasslands of the Alysso-Sedion albi;
6190—Rupicolous Pannonic grasslands (Stipo-Festucetalia pallentis); 6210 *—semi-
natural dry grasslands and scrubland facies on calcareous substrates (Festuco-
Brometalia); 8210—calcareous rocky slopes with chasmophytic vegetation; 8310—caves
not open to the public; 9110—Luzulo-Fagetum beech forests; 9180 *—Tilio-Acerion
forests of slopes, screes, and ravines (mixed broadleaf forests); 91E0 *—alluvial forests
with Alnus glutinosa and Fraxinus excelsior (Alno-Padion, Alnion incanae, and Salicion
albae), Iris aphylla ssp. hungarica (Hungarian leafless iris), Bombina variegata (yellow-
bellied toad), Triturus vulgaris ampelensis (Danube crested newt), Barbastella barbastel-
lus (Barbastelle bat), Miniopterus schreibersii (Schreiber’s bat), Myotis blythii (lesser
mouse-eared bat), Myotis myotis (greater mouse-eared bat), Rhinolophus blasii (Bla-
sius’s horseshoe bat), Rhinolophus euryale (Mediterranean horseshoe bat), Rhinolophus
ferrumequinum (greater horseshoe bat), Rhinolophus hipposideros (lesser horseshoe bat),
and Lutra lutra (Eurasian otter) [30].

2. The Natura 2000 Site ROSPA0132 Metaliferi Mountains, is a 26,673.4 ha Special Protec-
tion Area (SPA) for birds in Alba and Hunedoara counties, spanning both the Alpine
and Continental biogeographical regions. Within its territory, 15 bird species are con-
sidered species of conservation interest: Aquila chrysaetos (Golden Eagle), Bubo bubo
(Eurasian Eagle-Owl), Caprimulgus europaeus (European Nightjar), Circaetus gallicus
(Short-toed Snake Eagle), Dendrocopos leucotos (White-backed Woodpecker), Dendroco-
pos medius (Middle Spotted Woodpecker), Dryocopus martius (Black Woodpecker), Falco
peregrinus (Peregrine Falcon), Ficedula albicollis (Collared Flycatcher), Ficedula parva
(Red-breasted Flycatcher), Lanius collurio (Red-backed Shrike), Lullula arborea (Wood
Lark), Milvus migrans (Black Kite), Pernis apivorus (European Honey Buzzard), and
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Picus canus (Grey-headed Woodpecker). These species have benefitted from special
protection under the Natura 2000 network [31].

3. The Natura 2000 Site ROSCI0324 Bihor Mountains, is a Site of Community Impor-
tance (SCI) of 20,932.2 ha located across Arad, Alba, Bihor, and Hunedoara coun-
ties, being in the Alpine biogeographical region. The following protected habi-
tat types and species of conservation interest have been identified within the site:
4070 *—bushes of Pinus mugo and Rhododendron hirsutum (Mugo-Rhododendretum
hirsuti); 9110—Luzulo-Fagetum beech forests; 9130—Asperulo-Fagetum beech forests;
9170—Galio-Carpinetum oak–hornbeam forests; 91V0—Dacian beech forests (Symphyto-
Fagion); and 9410—acidophilous Picea abies forests in a mountain zone (Vaccinio-
Piceetea); Rosalia alpina (Rosalia longhorn beetle), Carabus variolosus (varied ground
beetle); Bombina variegata (yellow-bellied toad), Triturus vulgaris ampelensis (Danube
crested newt), Canis lupus (grey wolf), Lynx lynx (Eurasian lynx), and Ursus arctos
(brown bear) [32].

4. The Natura 2000 site ROSAC0027 Bicaz Gorge-Hăs, mas, , is a 7642 ha Special Area of
Conservation (SAC) in Harghita and Neamt, counties, entirely within an Alpine bio-
geographic region. The following habitat types have been identified within the special
conservation area: 150—natural eutrophic lakes with Magnopotamion- or Hydrochari-
tion-type vegetation; 4060—alpine and boreal heaths; 6170—alpine and subalpine
calcareous grasslands; 6190—Rupicolous Pannonic grasslands (Stipo-Festucetalia pallen-
tis); 6210*—semi-natural dry grasslands on calcareous substrates (Festuco-Brometalia);
6430—hydrophilious, tall herb fringe communities of plains and montane to alpine
levels; 6510—lowland hay meadows (Alopecurus pratensis, Sanguisorba officinalis);
6520—mountain hay meadows; 8120—calcareous and calcshist screes of montane
to alpine levels (Thlaspietea rotundifolii); 8210—calcareous rocky slopes with chasmo-
phytic vegetation; 8310—caves not open to the public; 91E0 *—alluvial forests with
Alnus glutinosa and Fraxinus excelsior (Alno-Padion, Alnion incanae, and Salicion albae);
91Q0—calcicolous Pinus sylvestris forests; 91V0—Dacian beech forests (Symphyto-
Fagion); 9110—Luzulo-Fagetum beech forests; and 9410—acidophilous Picea abies forests
of the mountain zone (Vaccinio-Piceetea). The species of conservation interest iden-
tified within this site are as follows: Cypripedium calceolus (Lady’s Slipper Orchid),
Asplenium adulterinum (Ladder Spleenwort), Campanula serrata (Serrated Bellflower), Iris
aphylla ssp. hungarica (Hungarian Leafless Iris), Pholidoptera transsylvanica (Transylva-
nian Dark Bush-cricket), Euphydryas aurinia (Marsh Fritillary Butterfly), Barbus petenyi
(Petényi’s Barbel), Cottus gobio (European Bullhead), Cottus poecilopus (Alpine Bull-
head), Triturus cristatus (Great Crested Newt), Triturus montandoni (Carpathian Newt),
Bombina variegata (Yellow-bellied Toad), Barbastella barbastellus (Western Barbastelle
Bat), Miniopterus schreibersii (Common Bent-wing Bat), Myotis bechsteinii (Bechstein’s
Bat), Myotis blythii (Lesser Mouse-eared Bat), Myotis myotis (Greater Mouse-eared Bat),
Rhinolophus hipposideros (Lesser Horseshoe Bat), Canis lupus (Gray Wolf), Lynx lynx
(Eurasian Lynx), and Ursus arctos (Brown Bear) [33].

2.2. Physico-Chemical Analyses
2.2.1. Water Activity (aw)

Each honey sample was homogenized and brought to room temperature (approxi-
mately 21 ◦C). A quantity of about 5–10 g from each sample was transferred into a clean
container for use with the measuring device. The analyses were performed using an
Aquaspector AQS-2-TC water activity analyzer (Nagy Messsysteme GmbH, Gäufelden,
Germany). After placing the container in the analysis compartment, the automatic mea-
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surement was initiated, with the aw values displayed digitally. The result was the average
of 3 consecutive readings [34].

2.2.2. Moisture Content (H)

The honey samples were brought to room temperature (approximately 21 ◦C) and
homogenized to ensure an even distribution of their content. For each measurement,
2–3 drops of honey were applied to the measurement prism of a Pocket Digital Refrac-
tometer PAL-22S (ATAGO, Tokyo, Japan), which was previously cleaned and dried with
a lint-free cloth. The moisture value was displayed digitally. For each sample, three
successive readings were taken, with the contact surface cleaned with isopropyl alcohol
and allowed to dry completely between readings. The final value was calculated as the
arithmetic mean of the three measurements [35].

2.2.3. Phenolic Compounds (Phenols)

For each sample, a honey solution with a concentration of 0.1 g/mL was prepared by
dissolving 1 g of honey in a final volume of 10 mL of distilled water. From this solution,
0.5 mL was taken and added to a clean test tube, followed by 2.5 mL of Folin–Ciocalteu
reagent (diluted 1:10 with distilled water). After homogenization, 2 mL of 7.5% Na2CO3 so-
lution was added, and the volume was adjusted to 10 mL with distilled water. The mixture
was incubated for 30 min at room temperature in the dark. The absorbance of the solution
was then measured spectrophotometrically using a Lambda 20 UV–VIS Spectrophotometer
(Perkin Elmer UV/VIS, Washington, DC, USA) at 760 nm, using distilled water as a blank.

To quantify the phenolic content, a calibration curve was constructed using gallic acid
standards of known concentrations. The total phenolic content was expressed as mg gallic
acid equivalents (GAE) per 100 g of honey, and the values obtained for each sample were
calculated based on the linear regression equation. All the determinations were performed
in triplicate, and the results were expressed as the mean ± standard deviation [36].

2.2.4. Flavonoid Compounds (Flavonoids)

A stock solution was prepared by dissolving 1 g of honey in a final volume of 10 mL
of 80% methanol (v/v), followed by stirring until complete dissolution. From the obtained
extract, 0.5 mL was placed into a test tube, to which 0.1 mL of 10% AlCl3 solution, 0.1 mL
of 1 M sodium acetate, and 4.3 mL of 80% methanol were added. The mixture was
homogenized and incubated for 30 min at room temperature in the dark. The absorbance
was measured at 415 nm using a Lambda 20 UV–VIS Spectrophotometer (Perkin Elmer
UV/VIS, Washington, DC, USA), with a blank.

For the quantification of the flavonoids, a calibration curve was constructed using
quercetin standard solutions of known concentrations. The flavonoid content was cal-
culated based on the linear equation of the standard curve. The determinations were
performed in triplicate for each sample, and the final values were expressed as the
mean ± standard deviation [37,38].

2.2.5. Hydroxymethylfurfural Content—White Method (HMF)

Precisely 10 g of honey was weighed and dissolved in 25 mL of distilled water that
was boiled and cooled to remove dissolved air, with the mixture homogenized by stirring.
The solution was quantitatively transferred into a 50 mL volumetric flask, filled to the
mark, and homogenized by gentle inversion (cold dissolution, without heating). Into
two test tubes, 2 mL of the honey solution and 5 mL of the p-toluidine solution were
pipetted. In the sample test tube, 1 mL of barbituric acid solution was added, while in
the reference test tube, 1 mL of distilled water was added. Immediately after the addition
of the barbituric acid, the contents were mixed, and the absorbance was measured at a
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wavelength of 550 nm, using 1 cm path length cuvettes, with the reference tube as the
blank. The absorbance value gradually increased, reaching a maximum in a short time
(approximately 2 min), after which it began to decrease. The maximum absorbance of
the sample was measured using a Lambda 20 UV–VIS Spectrophotometer (Perkin Elmer
UV/VIS, Washington, DC, USA). HMF (mg/100 g) = E × 19.2, where E is the absorbance
value read on the instrument scale and 19.2 is the conversion factor of absorbance into the
HMF equivalent. All the determinations were performed in triplicate, and the results were
expressed as the arithmetic mean [39,40].

2.2.6. Sugar [41]

Precisely 3 g of honey was weighed and quantitatively transferred with water into a
200 mL volumetric flask, then brought to volume and homogenized. This constituted the
stock solution. From the stock solution, 20 mL was pipetted into a 100 mL volumetric flask,
filled to the mark with water, and homogenized. This constituted the working solution.
Into a 300 mL conical flask, 20 mL of copper sulfate solution, 20 mL of KNaC4H4O6·4H2O
(Seignette salt) solution, and 20 mL of distilled water were added and mixed. The flask was
placed on an asbestos wire gauze over a gas burner flame, and once boiling began, 20 mL
of the working solution was added using a pipette. From the moment boiling resumed,
a 5 min timer started. After that, the flask was cooled with water, 25–30 mL of acidified
sodium chloride solution was added, and the mixture was shaken vigorously. Then, 2–3 g of
NaHCO3 was added. After effervescence ceased, a visible residue of bicarbonate remained
in the flask. Titration was carried out with 0.05 N iodine solution under continuous stirring
until the liquid became clear and the color shifted toward green. When a clear green hue
appeared, with no tendency to revert to blue, the titration was considered complete, and the
volume of 0.05 N iodine solution used was recorded. To determine the excess iodine, 0.5 mL
of starch solution was added, and titration was continued with 0.05 N Na2S2O3·5H2O,
drop by drop, until the color abruptly changed from dark blue to light blue. The volume
of iodine solution used for oxidizing the cuprous ion was determined by the difference
between the volume of iodine solution used in the titration and the volume of sodium
thiosulfate solution used in the back-titration. The amount of inverted sugar was then
read from recognized tables, in milligrams, corresponding to the actual volume of iodine
solution used for oxidizing the cuprous ion.

A. Determination of Easily Hydrolysable Sugar by the Elser Method—Honey

From the stock solution prepared for the determination of the reducing sugars, 20 mL
was transferred into a 100 mL volumetric flask, diluted with water to about 50 mL, then
1 mL of 1N HCl was added. The mixture was homogenized and heated in a boiling water
bath for 30 min.

After the 30 min period, the flask was cooled under running water, and 1 mL
of 1N NaOH was added. The solution was then brought to volume with water and
mixed thoroughly.

B. Determination of Invert Sugar

In a 200 mL Erlenmeyer flask, 30 mL of the solution obtained after sucrose hydrolysis,
10 mL of copper solution, and 10 mL of sodium solution were added and boiled for exactly
2 min. Heating the flask to boiling took no more than 3 min. After boiling, the flask was
rapidly cooled to room temperature (using a cold-water stream), then 10 mL of KI solution
and 10 mL of H2SO4 were added. Titration was carried out immediately with sodium
thiosulfate solution until the color changed from brown to light yellow. Then, 5 mL of starch
solution was added, and titration was continued until the brown-blue color completely
disappeared (V).
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A blank determination was performed using the same reagents and under the same
conditions and order as above, replacing the test solution with an equal volume of water
(30 mL). Two parallel determinations were carried out from the same sample for analysis.

CInvert Sugar [%] = [(m × 105)/(m × 104)] · 100, where m = the amount of invert sugar,
read from the tables, in milligrams; m1 = the amount of honey used in the analysis, in
grams; 10 = the ratio between the volume of the solution in the 200 mL volumetric flask
and the volume of the solution taken for dilution (200/20 = 10); 5 = the ratio between
the volume of the solution in the 100 mL volumetric flask and the volume of the diluted
solution used for analysis (100/20 = 5); 1000 = the conversion factor from mg to g; and
100 = the factor for percentage expression.

The content of easily hydrolysable sugar was calculated and expressed as sucrose
equivalent using the formula

Csucrose = (m − m1) × 0.95 [%], where m = total amount of invert sugar (after
acid hydrolysis) [%]; m1 = initial amount of invert sugar (before acid hydrolysis) [%];
and 0.95 = conversion factor from invert sugar to sucrose equivalent. The factor 0.95
was derived from the ratio between the molecular mass of sucrose and the combined
molecular masses of glucose and fructose (invert sugar), namely, sucrose: 342 g/mol;
glucose + fructose: 180 + 180 = 360 g/mol; 342/360 ≈ 0.95.

2.2.7. Heavy Metals (Pb, Cd, Fe, Cu, and Zn)

A quantity of 10 g of each honey sample was accurately weighed and transferred into
a porcelain crucible. The crucible was placed in a furnace at an initial temperature not
exceeding 100 ◦C. The temperature was then increased at a maximum rate of 50 ◦C/hour
until it reached 450 ◦C, where it was maintained for 24 h. After cooling, 5 mL of 6 M HCl
was added to the crucible containing the ash to ensure full contact with the acid. The
acid evaporated on a sand bath. The residue was dissolved in an exactly measured vol-
ume (10–25 mL) of 0.1 M HNO3. A blank was prepared following the same procedure.
The crucible was rotated to ensure that the entire residue encountered the acid, then
covered and left to stand for 2 h. The solution was mixed and filtered into a plastic con-
tainer. From the resulting mineralized solution, the metal content was determined. To
calibrate the instrument, working standard solutions were prepared by diluting 1000 mg/L
stock solutions for each element. The concentrations ranged from 0.5 to 5.0 µg/L for Cd;
1.0 to 10.0 µg/L for Pb; and 1.0 to 20.0 µg/L for Cu, Zn, and Fe, depending on the linear
range of each element. The standard solutions were prepared in the same matrix as the
samples (0.1 M nitric acid) to ensure the comparability of the results. The solutions were
analyzed by AAS using a Perkin Elmer AA700 spectrometer equipped with a graphite
furnace HGA-700 and an AS 800 Autosampler (PerkinElmer, Waltham, MA, USA). The
sample volume was automatically injected into the center of the graphite tube, which
was then gradually heated using an electric current source. To prevent sample loss, the
temperature was increased gradually according to a three-step program: 1. Drying the
sample at a low temperature (100–200 ◦C) for a few seconds. 2. Pyrolysis of the organic
components at 500–1400 ◦C. 3. Atomization of the sample at 2500 ◦C. The absorption of
light radiation by the metal atoms in the graphite tube cavity was measured. A narrow,
tall, well-defined peak was recorded as the absorbance versus time. The measurements
were made at element-specific wavelengths: Pb: 283.3 nm; Cd: 248.3 nm; Fe: 248.3 nm; Cu:
324.8 nm; and Zn: 213.9 nm. For each determination, a Zeeman background correction
was used, along with the specific matrix modifiers NH4H2PO4 and Mg(NO3)2·6H2O. A
volume of 20 µL from each sample was injected, comprising the standard solution, ma-
trix modifier, blank, and sample. The calibration solutions were automatically prepared
by the instrument, which performed the dilutions based on the programmed method.
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A minimum calibration curve linearity coefficient (R2) of 0.995 was required. All the
measurements were performed in duplicate. The concentrations obtained were placed
on the calibration curve, and the results were expressed in mg/kg, using the following
formula—C [mg/kg] = (Ccurve [mg/L] × Vdigestion [mL])/mhoney [g]—where Ccurve is the
concentration read from the instrument, Vdigestion is the final volume after dilution, and
mhoney is the mass of the honey sample. For concentrations exceeding the calibration range,
the mineralized sample was diluted accordingly, and the final concentration was corrected
using the appropriate dilution factor [42].

2.2.8. Microbiological Analysis

To assess the antibacterial activity of the honey, 7 bacterial strains (Gram-negative
and Gram-positive bacteria) were used: Escherichia coli (ATCC 25922), Salmonella enteritidis
(ATCC 13076), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 25923),
Staphylococcus epidermidis (ATCC 14990), Bacillus cereus (ATCC 11788), and Listeria monocyto-
genes (ATCC 19115).

Several colonies from each bacterial strain were dispersed in 10 mL of nutrient broth
(Mikrobiologie Labor-Technik, Arad, Romania) and incubated for 18 h at 37 ◦C. The
turbidity was adjusted to a 0.5 McFarland standard and was measured using a McFarland
Densitometer (Mettler Toledo, Columbus, OH, USA), corresponding approximately to a
homogeneous suspension of 1.5 × 108 CFU (colony forming units)/mL.

The antifungal activity of the honey was tested using 7 fungal strains: Candida albicans
(ATCC 10239), Aspergillus niger (derived from ATCC 16888), Aspergillus flavus (ATCC 9643),
Penicillium chrysogenum (ATCC 10106), Rhizopus stolonifer (ATCC 14037), Fusarium oxysporum
(ATCC 48112), and Alternaria alternata (TX 8025).

For the fungal cultures, colonies from each fungal strain were dispersed in 10 mL of
nutrient broth, incubated for 72 h at 25 ◦C, and adjusted to a 0.5 McFarland standard.

All strains used in this study were sourced from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA) and MicroBioLogics, Inc. (St. Cloud, MN, USA).

For evaluating the antimicrobial activity, the well diffusion method was used, follow-
ing the procedures recommended by the CLSI [43]. The inhibition zones diameters (IZDs)
were measured and served as a semi-quantitative indicator of antimicrobial effectiveness.
Mueller–Hinton agar (Merck KGaA, Darmstadt, Germany) was used for culturing the
bacterial strains, while Sabouraud 4% dextrose agar (Merck KGaA) was used for the fungal
strains. The surfaces of the Petri dishes were inoculated by flooding them with 1 mL of
culture. Using a sterile stainless-steel tube, 6 mm diameter circles were created by pressing
into the culture medium on the Petri dishes. Each hole was then filled with 150 µL of
undiluted and liquefied honey. The Petri dishes were incubated with their lids up for
18 h at 37 ◦C for bacterial growth and for 5 days at 25 ◦C for fungal growth. Discs with
5 µg ciprofloxacin (Bio-Rad, Hercules, Marnes-la-Coquette, France) were used as positive
controls for bacterial growth, and discs with 1 µg voriconazole (Bio-Rad Laboratories,
Marnes-la-Coquette, France) were used as positive controls for fungal growth. An artificial
honey sample was prepared by dissolving 40.5 g fructose, 33.5 g glucose, 7.5 g maltose, and
1.5 g sucrose in 17 mL sterile deionized water. This solution contained the proportions of the
four predominant sugars in the natural honey samples and was used as the sugar control.

The antimicrobial activity was evaluated by measuring the diameter of the inhibition
zones (in mm) using a DIN 862 ABS digital caliper (Fuzhou Conic Industrial Co., Ltd.,
Fuzhou, China) [44].
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2.3. Determination of Botanical Origin

The melissopalynological analysis of the honey was performed by dissolving 10 g
of honey in 20 mL of distilled water, centrifuging the solution at 3000 rpm for 10 min,
resuspending the sediment in 1 mL of distilled water, placing a drop on a micro-
scope slide, mounting it with gelatinous glycerin, and examining it under a Hund Wet-
zlar H600LL phase-contrast microscope (Helmut Hund GmbH, Wetzlar, Germany) at
400× magnification. At least 300 pollen grains were analyzed to identify the botani-
cal origin by comparisons with reference atlases and to calculate the relative pollen
frequency [45,46].

2.4. Statistical Analysis

The statistical analysis was performed using Minitab 21.4.1 software (Minitab, LLC,
State College, PA, USA). The Parson’s correlation coefficients among the investigated pa-
rameters were determined, and a principal component analysis (PCA) was also conducted.

3. Results
Table 3 presents the results of the physico-chemical evaluation of the honey samples,

highlighting key parameters, such as the moisture content, water activity, phenols and
flavonoids contents, HMF, and sugar composition.

Table 3. Physico-chemical evaluation of honey samples.

Sample
No. H, % aw

Phenols,
mg GAE/100 g

Flavonoids,
mg QE/100 g

Sugar,
%

Inverted
Sugar, %

HMF,
mg/100 g

S1 16.53 ± 0.52 0.583 ± 0.011 70.39 ± 0.47 4.11 ± 0.20 2.29 ± 0.33 72.23 ± 1.39 0.59 ± 0.10
SS1 17.18 ± 0.18 0.547 ± 0.013 82.14 ± 0.61 4.26 ± 0.18 2.84 ± 0.30 79.99 ± 2.80 0.76 ± 0.14
S2 16.42 ± 0.39 0.528 ± 0.026 63.84 ± 0.30 2.30 ± 0.11 2.88 ± 0.28 78.96 ± 2.44 1.10 ± 0.23

SS2 17.09 ± 0.31 0.569 ± 0.018 72.67 ± 0.52 2.67 ± 0.04 2.68 ± 0.36 78.44 ± 1.05 0.92 ± 0.20
S3 16.74 ± 0.20 0.571 ± 0.023 84.91 ± 0.86 4.08 ± 0.23 3.68 ± 0.41 79.11 ± 2.67 0.80 ± 0.16

SS3 16.90 ± 0.44 0.535 ± 0.009 96.49 ± 1.03 5.45 ± 0.17 3.65 ± 0.77 78.47 ± 2.53 1.03 ± 0.12
S4 18.03 ± 0.57 0.592 ± 0.014 59.73 ± 0.26 3.08 ± 0.10 1.89 ± 0.20 80.97 ± 3.31 0.68 ± 0.10

SS4 17.25 ± 0.26 0.560 ± 0.015 63.20 ± 0.44 3.31 ± 0.15 3.16 ± 0.63 79.15 ± 2.02 0.49 ± 0.15

Abbreviations: H—moisture content; aw—water activity; HMF—hydroxymethylfurfural content. Note: All values
are expressed as mean ± standard deviation (n = 3).

The physico-chemical analyses revealed a moisture content ranging from 16.42% to
18.03%, complying with the maximum limit of 20% set by Directive 2001/110/EC [47].
The samples showed water activity values ranging from 0.528 to 0.592, while the phenolic
content varied between 59.73 and 96.49 mg GAE/100 g, and the flavonoid content ranged
from 2.30 to 5.45 mg QE/100 g. The sugar content in the samples varied between a
minimum of 1.89% and a maximum of 3.68%, while the inverted sugar content ranged
from 72.23% to 80.97%. The HMF content ranged from 0.49 to 1.10 mg/kg across the
analyzed samples.

Table 4 presents the concentrations of heavy metals detected in the honey samples
analyzed, providing insight into potential environmental contamination.

The values determined for the heavy metals in the analyzed samples (S1–S4 from min-
ing areas and samples SS1–SS4 from protected areas) show significant variations depending
on the location. The lead concentrations were highest in sample S1 (0.607 mg/kg), suggest-
ing a strong industrial or mining influence. Cadmium was present in small amounts in the
samples, but its presence, even at low levels, indicates anthropogenic influences, such as
traffic or pesticide use. Iron appeared in high concentrations in sample S1—12.131 mg/kg,
indicating a significant contribution from geological or industrial–mining sources. Copper
showed moderate values, with the highest found in S4 (0.545 mg/kg), pointing to local
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mining activities. Zinc was present in considerable amounts in samples S2 and S1 (6.17 and
5.25 mg/kg, respectively), which, although potentially reflecting a natural presence, also
suggests possible environmental contamination. Overall, the lower values in the samples
from protected areas compared to those from mining zones may indicate a different distri-
bution of metals between phases, influenced by solubility, pH, the impact of mining areas,
or organic matter content.

Table 4. Heavy metals identified in honey samples.

Sample
No.

Pb,
mg/kg

Cd,
mg/kg

Fe,
mg/kg

Cu,
mg/kg

Zn,
mg/kg

S1 0.607 ± 0.061 0.018 ± 0.001 12.131 ± 0.885 0.428 ± 0.047 5.250 ± 0.278
SS1 0.072 ± 0.005 <0.001 1.068 ± 0.070 0.073 ± 0.003 0.091 ± 0.016
S2 0.451 ± 0.043 0.020 ± 0.004 9.260 ± 0.651 0.211 ± 0.051 6.170 ± 0.235

SS2 0.058 ± 0.004 0.013 ± 0.001 0.472 ± 0.032 0.031 ± 0.002 0.114 ± 0.023
S3 0.320 ± 0.039 0.014 ± 0.002 2.210 ± 0.093 0.185 ± 0.037 0.822 ± 0.057

SS3 0.056 ± 0.003 <0.001 0.623 ± 0.081 0.060 ± 0.008 0.060 ± 0.019
S4 0.218 ± 0.025 <0.001 3.432 ± 0.126 0.545 ± 0.064 1.202 ± 0.162

SS4 0.055 ± 0.002 <0.001 0.067 ± 0.019 0.063 ± 0.005 0.075 ± 0.024
Note: All values are expressed as mean ± standard deviation (n = 3).

All the analyzed samples were classified as polyfloral honey, exhibiting a di-
versified palynological profile without a dominant floral taxon (>45%). The micro-
scopic analysis of the pollen grains revealed the presence of approximately 8–10 pollen
types, with the predominant ones being Robinia pseudoacacia (black locust)—22–25%;
Tilia spp. (linden)—16–18%; Brassica napus (rapeseed)—11–15%; Helianthus annuus
(sunflower)—10–12%; Trifolium spp. (clover)—9–10%; Centaurea spp. (knapweed)—5–8%;
Acer spp. (maple)—3–6%,;while the remaining pollen originated from other diverse species.
This distribution indicates a mixed origin, characteristic of meadows, forest edges, and
agricultural crops, reflecting a high floral biodiversity during the harvesting period.

Tables 5 and 6 present the antimicrobial activity (antibacterial and antifungal) of
the honey samples against the tested strains. The artificial honey did not inhibit any of
the strains.

Table 5. Antibacterial activity of honey samples against the used strains—inhibition zone diameter (mm).

Bacterial
Strain

Sample Synthetic Antibiotic

S1 SS1 S2 SS2 S3 SS3 S4 SS4 Ciprofloxacin, 5 µg

E. coli 9 11 12 14 8 8 8 10 29

S. enteritidis 7 8 7 8 8 9 8 8 27

P. aeruginosa 14 17 13 15 11 13 15 18 25

S. aureus 18 21 19 19 18 20 18 20 30

S. epidermidis 16 18 16 18 18 19 17 18 29

B. cereus 8 8 8 9 9 10 7 8 30

L. monocytogenes 8 9 8 8 8 9 9 10 24

The results of the IZDs of the honey samples for different bacterial strains, compared
to the standard antibiotic (Ciprofloxacin, 5 µg), show interesting trends. All the honey
samples, regardless of the sampling site, had antibacterial activity, with inhibition diameters
ranging from 7 mm to 21 mm. The largest diameters were observed in the case of the two
strains of Staphylococcus, followed by P. aeruginosa. In almost all cases, it was observed that
the inhibition produced by the honey samples from the protected areas was more intense
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than in the honey polluted with heavy metals. The highest IZD (21 mm) was observed in
the case of S. aureus for sample SS1 from the protected area, followed by 20 mm IZDs in
samples SS3 and SS4, both from protected areas. The lowest IZDs (7 mm) were observed
for the strains of S. enteritidis for samples S1 and S2 and in the case of B. cereus for sample
S4, all from polluted areas.

Table 6. Antifungal activity of honey samples against the used strain—inhibition zone diameter (mm).

Fungal
Strain

Sample Synthetic Antibiotic

S1 SS1 S2 SS2 S3 SS3 S4 SS4 Voriconazole, 1 µg

C. albicans 9 10 9 10 9 9 8 9 37

A. flavus 8 9 9 9 8 9 9 10 43

A. niger 9 10 9 10 7 9 8 9 45

R.stolonifer 10 11 8 10 11 12 9 9 16

F. oxysporum 8 9 9 10 9 10 9 11 29

P. chrysogenum 10 11 11 11 8 12 8 9 18

A. alternata 9 10 9 9 7 8 10 11 16

As with the bacterial strains, Table 6 shows that all the honey samples, regardless of
the sampling area, had an antifungal effect on all the strains studied. The IZDs varied
between 7 and 12 mm, with the most sensitive strains being those of R. stolonifer and
P. chrysogenum. In the case of R. stolonifer, the most effective sample was SS3, from a pro-
tected area, with a diameter of 12 mm, close to that produced by the antifungal voriconazole
(16 mm). A 12 mm IZD was also produced for P. chrysogenum by the same sample. And,
in the case of the fungal strains, it could be observed that the inhibition produced by the
honey samples from the protected areas was more intense than that of those from the
mining areas.

To understand the relationship between the chemical composition of the honey orig-
inating from mining areas and its antimicrobial efficacy, a correlation analysis was per-
formed, shown in Table 7, between the inhibition zone diameter (IZD) determined for the
various bacterial strains and the content of the bioactive compounds (phenols, flavonoids),
HMF, and heavy metals (Pb, Cd, Fe, Cu, and Zn).

Table 7. Pearson correlation coefficients between IZD values and chemical parameters of honey from
mining areas for different bacterial strains.

Correlation IZD
Versus Phenols Flavonoids HMF Pb, mg/kg Cd, mg/kg Fe, mg/kg Cu, mg/kg Zn, mg/kg

E. coli −0.36 *9 −0.74 *11 0.81 *3 0.44 *5 0.64 *4 0.57 *4 −0.45 *9 0.84 *3

S. enteritidis 0.27 *8 0.25 *6 −0.27 *8 −0.89 *11 −0.77 *11 −0.96 *12 0.15 *6 −0.99 *12

P. aeruginosa −0.88 *11 −0.29 *8 −0.39 *9 0.01 *6 −0.50 *10 0.32 *5 0.91 *2 0.19 *6

S. aureus −0.36 *9 −0.84 *11 0.92 *2 0.21 *5 0.52 *4 0.35 *5 −0.50 *10 0.68 *4

S. epidermidis 0.64 *4 0.42 *5 −0.15 *8 −0.70 *10 −0.43 *9 −0.92 *12 −0.22 *8 −0.92 *12

B. cereus −0.60 *10 −0.24 *8 −0.34 *9 −0.72 *11 −0.96 *12 −0.47 *9 0.78 *3 −0.53 *10

L. monocytogenes −0.60 *10 −0.24 *8 −0.34 *9 −0.72 *11 −0.96 *12 −0.47 *9 0.78 *3 −0.53 *10

Note: *1—perfect positive correlation (r value: +1); *2—very strong positive correlation (r value: +0.9 to +1.0);
*3—strong positive correlation (r value: +0.7 to +0.9); *4—moderate positive correlation (r value: +0.5 to +0.7);
*5—weak positive correlation (r value: +0.3 to +0.5); *6—very weak positive or no correlation (r value: 0 to
+0.3); *7—no linear correlation (r value: 0); *8—very weak negative or no correlation (r value: 0 to −0.3);
*9—weak negative correlation (r value: −0.3 to −0.5); *10—moderate negative correlation (r value: −0.5 to −0.7);
*11—strong negative correlation (r value: −0.7 to −0.9); *12—very strong negative correlation (r value: −0.9 to
−1.0); *13—perfect negative correlation (r value: −1).
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The values of the Pearson correlation coefficients indicate the nature (positive or
negative) and strength of these relationships, highlighting the possible influences of con-
taminants or natural compounds on the antibacterial activity. The Pearson correlation
coefficients between the microorganism’s activity (IZD) and various chemical compounds
indicate diverse relationships. For example, E. coli showed strong positive correlations
with Cd and Fe, while P. aeruginosa exhibited very strong positive correlations with Cu.
S. aureus had positive correlations with Cd and Zn. B. cereus and L. monocytogenes displayed
strong positive correlations with Cu. The remaining variables showed moderate or weak
correlations, suggesting complex interactions with environmental factors.

To evaluate the influence of the chemical parameters on the antifungal activity of the
honey from the mining areas, a correlation analysis was conducted, shown in Table 8, be-
tween the IZD values for the different fungal species and the content of phenols, flavonoids,
HMF, and heavy metals (Pb, Cd, Fe, Cu, and Zn). The results provide insight into how
metal contamination or natural composition may affect the antifungal effectiveness of
bee products.

Table 8. Pearson correlation coefficients between IZD values and chemical parameters of honey from
mining areas for different fungal strains.

Correlation
IZD Versus Phenols Flavonoids HMF Pb, mg/kg Cd, mg/kg Fe, mg/kg Cu, mg/kg Zn, mg/kg

C. albicans 0.60 *10 0.24 *6 0.34 *5 0.72 *3 0.69 *4 0.47 *5 −0.78 *11 0.53 *4

A. flavus −0.83 *11 −0.93 *12 0.51 *4 −0.44 *9 0.01 *6 −0.10 *8 0.24 *6 0.14 *6

A. niger −0.64 *10 −0.42 *9 0.15 *6 0.70 *11 0.82 *3 0.92 *2 0.22 *6 0.92 *2

R. stolonifer 0.86 *3 0.94 *2 −0.57 *10 −0.01 *8 −0.44 *9 −0.34 *9 −0.15 *8 −0.55 *10

F. oxysporum −0.04 *8 −0.55 *10 0.61 *4 −0.82 *11 −0.44 *9 −0.76 *11 −0.33 *9 −0.46 *9

P. chrysogenum −0.33 *9 −0.47 *9 0.52 *4 0.76 *3 0.98 *2 0.86 *3 −0.28 *8 0.99 *2

A. alternata −0.97 *12 −0.51 *10 −0.15 *8 −0.04 *3 0.08 *6 0.32 *5 0.79 *3 0.28 *6

Note: *1—perfect positive correlation (r value: +1); *2—very strong positive correlation (r value: +0.9 to +1.0);
*3—strong positive correlation (r value: +0.7 to +0.9); *4—moderate positive correlation (r value: +0.5 to +0.7);
*5—weak positive correlation (r value: +0.3 to +0.5); *6—very weak positive or no correlation (r value: 0 to
+0.3); *7—no linear correlation (r value: 0); *8—very weak negative or no correlation (r value: 0 to −0.3);
*9—weak negative correlation (r value: −0.3 to −0.5); *10—moderate negative correlation (r value: −0.5 to −0.7);
*11—strong negative correlation (r value: −0.7 to −0.9); *12—very strong negative correlation (r value: −0.9 to
−1.0); *13—perfect negative correlation (r value: −1).

The Pearson correlation coefficients between the fungal microorganisms (IZD) and
various chemical compounds reveal complex patterns of interaction. For instance,
C. albicans showed positive correlations with phenols and Cd, Fe, and Zn, while A. niger and
P. chrysogenum displayed strong positive correlations with Pb, Cd, Fe, and Zn. A. alternata
showed a strong positive correlation with Cu.

For the protected area, the correlation between the IZD values for the bacterial strains
and the chemical composition of the honey was analyzed (Table 9), highlighting the possible
influences of bioactive compounds and metals on antimicrobial activity.

The Pearson correlation coefficients for the bacterial microorganisms (IZD) in the
protected zone reveal varied interactions with chemical compounds. E. coli exhibited strong
negative correlations with flavonoids and Cu, but a strong positive correlation with Cd
and Zn, while S. enteritidis showed positive correlations with phenols, flavonoids, and
HMF. Conversely, P. aeruginosa had negative correlations with HMF and phenols. Pb exhib-
ited the strongest correlations with the investigated bacterial strains among the analyzed
heavy metals.
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Table 9. Pearson correlations between IZD values and chemical parameters of honey from protected
areas—bacterial strains.

Correlation IZD
Versus Phenols Flavonoids HMF Pb, mg/kg Cd, mg/kg Fe, mg/kg Cu, mg/kg Zn, mg/kg

E. coli −0.53 *10 −0.85 *11 −0.01 *8 0.19 *6 0.87 *3 0.01 *6 −0.69 *10 0.99 *2

S. enteritidis 0.84 *3 0.84 *3 0.65 *4 −0.36 *9 −0.33 *9 0.11 *6 0.12 *6 −0.72 *11

P. aeruginosa −0.79 *11 −0.52 *10 −0.94 *12 0.31 *5 −0.23 *8 −0.21 *8 0.37 *5 0.21 *6

S. aureus 0.27 *6 0.54 *4 −0.28 *8 0.72 *3 −0.82 *11 0.59 *4 0.95 *2 −0.41 *9

S. epidermidis 0.84 *3 0.84 *3 0.65 *4 −0.36 *9 −0.33 *9 0.11 *6 0.12 *6 −0.72 *11

B. cereus −0.27 *8 0.22 *6 −0.75 *11 −0.15 *8 −0.82 *11 −0.40 *9 0.72 *3 −0.69 *10

L. monocytogenes −0.27 *8 0.22 *6 −0.75 *11 −0.15 *8 −0.82 *11 −0.40 *9 0.72 *3 −0.60 *10

Note: *1—perfect positive correlation (r value: +1); *2—very strong positive correlation (r value: +0.9 to +1.0);
*3—strong positive correlation (r value: +0.7 to +0.9); *4—moderate positive correlation (r value: +0.5 to +0.7);
*5—weak positive correlation (r value: +0.3 to +0.5); *6—very weak positive or no correlation (r value: 0 to
+0.3); *7—no linear correlation (r value: 0); *8—very weak negative or no correlation (r value: 0 to −0.3);
*9—weak negative correlation (r value: −0.3 to −0.5); *10—moderate negative correlation (r value: −0.5 to −0.7);
*11—strong negative correlation (r value: −0.7 to −0.9); *12—very strong negative correlation (r value: −0.9 to
−1.0); *13—perfect negative correlation (r value: −1).

In the case of honey from the protected areas, the correlations were calculated and
are shown in Table 10 between the IZD values for the various fungal strains and chemical
parameters to highlight the possible links between composition and antifungal activity.

Table 10. Pearson correlations between IZD values and chemical parameters of honey from protected
areas—fungal strains.

Correlation
IZD Versus Phenols Flavonoids HMF Pb, mg/kg Cd, mg/kg Fe, mg/kg Cu, mg/kg Zn, mg/kg

C. albicans −0.10 *8 −0.44 *9 0.20 *6 0.69 *4 0.58 *4 0.59 *4 −0.30 *9 0.87 *3

A. flavus −0.72 *11 −0.34 *9 −0.88 *11 −0.44 *9 −0.33 *9 −0.80 *11 0.23 *6 −0.29 *8

A. niger −0.10 *8 −0.44 *9 0.20 *6 0.69 *4 0.58 *4 0.59 *4 −0.30 *9 0.87 *3

R. stolonifer 0.99 *2 0.86 *3 0.80 *3 0.28 *6 −0.26 *8 0.71 *3 0.24 *6 −0.38 *9

F. oxysporum −0.54 *10 −0.32 *9 −0.47 *9 −0.88 *11 0.00 *7 −0.99 *12 −0.23 *8 −0.28 *8

P. chrysogenum 0.91 *2 0.60 *4 0.96 *2 0.21 *6 0.13 *6 0.67 *4 −0.14 *8 −0.06 *8

A. alternata −0.82 *11 −0.52 *10 −0.98 *12 0.18 *6 −0.26 *8 −0.33 *9 0.37 *5 0.12 *6

Note: *1—perfect positive correlation (r value: +1); *2—very strong positive correlation (r value: +0.9 to +1.0);
*3—strong positive correlation (r value: +0.7 to +0.9); *4—moderate positive correlation (r value: +0.5 to +0.7);
*5—weak positive correlation (r value: +0.3 to +0.5); *6—very weak positive or no correlation (r value: 0 to
+0.3); *7—no linear correlation (r value: 0); *8—very weak negative or no correlation (r value: 0 to −0.3);
*9—weak negative correlation (r value: −0.3 to −0.5); *10—moderate negative correlation (r value: −0.5 to −0.7);
*11—strong negative correlation (r value: −0.7 to −0.9); *12—very strong negative correlation (r value: −0.9 to
−1.0); *13—perfect negative correlation (r value: −1).

The Pearson correlation coefficients for the fungal microorganisms (IZD) in the
protected zone show distinct patterns of interaction with various chemical compounds.
C. albicans and A. niger exhibited positive correlations with Pb, Cd, Fe, and Zn, suggesting
the possible stimulatory effect of these metals on their growth, while A. flavus and A. alter-
nata displayed strong negative correlations with HMF and flavonoids, indicating potential
inhibitory effects of these compounds on their proliferation. Additionally, P. chrysogenum
showed a strong positive correlation with phenols, flavonoids, and HMF, and for the latter,
this suggests its potential adaptability to this compound in the environment.

4. Discussion
Honey is a natural product valued not only for its taste but also for its health benefits,

making food safety a key concern. The content of heavy metals in honey is an important
indicator of its quality and purity [48]. Typically, clean honey contains low levels of heavy
metals: Pb ranges from 0.01 to 0.05 mg/kg, with a maximum recommended limit of
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0.10 mg/kg according to the Codex Alimentarius and EU regulations [21]; Cd is found in
concentrations below 0.005 to 0.02 mg/kg, with a suggested limit of 0.05 mg/kg, though it is
not uniformly regulated; As is generally present at levels below 0.01 mg/kg, with a general
food limit of 0.1 mg/kg set by the EU; Hg is found at very low levels, under 0.002 mg/kg,
with some national regulations allowing up to 0.01–0.02 mg/kg. Additionally, essential
metals like Cu and Zn are found in concentrations of 0.1–0.5 mg/kg and 0.5–3 mg/kg,
respectively, with maximum recommended limits of 2 mg/kg for copper and 5 mg/kg
for zinc, according to FAO standards. Adhering to these limits is crucial to ensure safe
consumption and to maintain consumer trust in the quality of honey [49].

The situation changes when polluted areas are considered. For instance, Šere-
vičienė et al. [10] reported that Pb levels in honey from Lithuania ranged between
0.004 and 450.6 µg/kg. Similarly, Godebo et al. [15] found a high concentration of
lead—451 µg/kg—in a honey sample collected from an urban area in North Carolina.
The Pb content of honey samples from Italy ranged between 0.010 and 1.390 mg/kg [50].
A study in Iran by Aghamirlou et al. [51] reported one of the highest Pb concentrations
in honey globally, at 1627.82 µg/kg (1.6278 mg/kg), over 16 times the EU and Codex
Alimentarius limits of 0.10 mg/kg. This suggests significant environmental contamination,
likely from industrial activity, traffic, or polluted agricultural inputs. High lead concentra-
tions in honey have been reported in several countries, including Israel, 2560 µg/kg [52];
Turkey, 800 µg/kg [53]; and Poland, 438 µg/kg [54]; highlighting potential environmental
contamination in these regions.

The maximum Zn concentrations reported in various studies vary significantly across
regions. In Siena, Italy—an area with limited industrial activity—the maximum Zn concen-
tration was 3.66 mg/kg [55]. Higher maximum levels have been observed in other countries,
such as Hungary, where values up to 6.66 mg/kg were recorded [56]. Notably, much higher
maxima were found in New Zealand, 2.46 mg/kg [57]; Saudi Arabia, 1707.93 µg/kg [58];
and the United Kingdom, 1042 µg/kg [59]. Greece reported one of the highest recorded
zinc levels in honey, with a peak value of 8.99 mg/kg [60].

Higher maximum concentrations of cadmium have been found in other countries:
Hungary reported values up to 18.0 µg/kg [56], while in Croatia, the maximum re-
ported was 24.4 µg/kg [61]. Even higher levels were observed in New Zealand, with
a peak of 34 µg/kg [57], and in Saudi Arabia, cadmium concentrations went as high as
49.2 µg/kg [58]. The United Kingdom also showed significant contamination, with a maxi-
mum of 57.3 µg/kg [59], while Greece reported one of the highest known values, reaching
81 µg/kg [60].

The maximum concentrations of essential trace metals, such as Fe, Cu, and Zn, in
honey vary widely depending on regional environmental conditions and agricultural
practices. For Fe, the highest levels were reported in Turkey, reaching up to 44.1 mg/kg [53],
while in Saudi Arabia, the maximum value was 36.8 mg/kg [58]. Copper concentrations
peaked at 8.5 mg/kg in Croatia [61], followed by 7.8 mg/kg in Saudi Arabia [58], and
6.3 mg/kg in Iran [51]. For Zn, some of the highest reported values were observed in honey
from Greece, with a maximum of 29.4 mg/kg [60]; as well as in Turkey, at 26.0 mg/kg [53];
and Saudi Arabia, at 24.7 mg/kg [58]. Although these elements are essential for human
health in trace amounts, elevated levels may reflect environmental contamination from
fertilizers, soil composition, or processing equipment.

In mining-polluted areas of Central and Eastern Europe, honey has been identified as
an effective bioindicator of heavy metal contamination. Studies conducted in regions such
as Cops, a Mică and Maramures, (Romania), Bor (Serbia), and industrial zones in Poland have
revealed elevated concentrations of toxic metals in honey, often exceeding internationally
recommended limits. For instance, in Cops, a Mică, Romania, multifloral honey samples



Appl. Sci. 2025, 15, 7297 18 of 24

showed average concentrations of lead of 1.49 mg/kg, cadmium of 2.20 mg/kg, zinc of
20.40 mg/kg, and copper of 3.70 mg/kg [61], significantly higher than the values reported
in other studies. Similarly, in Maramures, , Romania, honey collected near mining areas
contained maximum values of Cu of 0.79 mg/kg and Zn of 2.10 mg/kg, surpassing
international safety thresholds [62].

Directive 2001/110/EC [47] on the production and marketing of honey has specific
references to the permissible limits of potentially hazardous substances in honey and other
beekeeping products. However, these are few, and the only metal for which honey has
maximum values is lead, which, according to EU Regulation 915/2023 [21], cannot exceed
0.10 mg/kg.

The comparative nature of Table 11 highlights the significant differences in the max-
imum allowable limits for heavy metals in honey as set by various countries and inter-
national organizations. The European Union and Codex Alimentarius enforce a strict
limit of 0.10 mg/kg only for Pb, without regulating other contaminants. In contrast, India
allows much higher thresholds, with up to 2.5 mg/kg for Pb, 1.5 mg/kg for Cd, 1.0 mg/kg
for Hg, and high levels for copper (30 mg/kg) and tin (250 mg/kg) [63]. Prior to its
accession to the European Union, Poland applied Regulation no. 37/2003, which set sig-
nificantly stricter limits for honey: Pb—0.30 mg/kg, Cd—0.03 mg/kg, Hg—0.01 mg/kg,
and As—0.20 mg/kg [64]. According to the Chinese standards GB 2762-2022 [65] and GB
14963-2011 [66], China applies more stringent limits, with 0.05 mg/kg for Pb and As, and
0.01 mg/kg for Hg. These variations reflect differing food safety standards shaped by
national policies and local industrial conditions.

Table 11. Maximum permissible limits for heavy metals in honey—international comparison.

Country/Organization Lead,
mg/kg

Cadmium,
mg/kg

Mercury,
mg/kg

Methyl-mercury,
mg/kg

Arsenic,
mg/kg

Copper,
mg/kg

Tin,
mg/kg

UE (EFSA) 0.10 – – – – – –
Codex Alimentarius 0.10 – – – – – –

Poland (RMH) 0.30 0.03 0.01 - 0.20 - -
India (FSSAI) 2.50 1.50 1.00 0.25 1.10 30.00 250.00
China (CFSA) 0.05 1.00 0.01 – 0.05 – –

Note: EFSA—European Food Safety Authority; RMH—Regulation of the Minister of Health from Poland;
FSSAI—Food Safety and Standards Authority of India; CFSA—China National Center for Food Safety Risk
Assessment, part of SAMR—State Administration for Market Regulation.

In 2020, Mititelu et al. [67] collected polyfloral honey samples from Cops, a Mică,
Romania—an area exposed to over six decades of non-ferrous metal industrial activity.
The results revealed elevated concentrations of heavy metals, with maximum values of
3.41 mg/kg for Pb, 3.81 mg/kg for Cd, 36.40 mg/kg for Zn, and 33.00 mg/kg for Cu.

In areas impacted by mining, industrial activities, and intensive agriculture, heavy
metal contamination poses a significant environmental hazard. Elevated concentrations of
these metals can be toxic to honeybees, while their accumulation in bee-derived products
presents potential risks to human health [18]. In their studies, Aksu and Altunatmaz [68]
highlighted that lead has emerged as a significant environmental contaminant, often
occurring in elevated concentrations due to various anthropogenic activities, particularly
mining operations.

The microbiological analysis demonstrated that all the honey samples, regardless of
the area from which they were sampled, had both antibacterial and antifungal activity
against all the strains studied. These results are consistent with those of other studies
conducted in our country [37,69] and in other parts of the world [70,71] on the antibacterial
and antifungal effects of polyfloral honey. It is already known that the antimicrobial
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activity of honeys is different according to the source of the flower and origin area. For
polyfloral honey, because the sources are varied and combined from several plant species,
it is expected that the antimicrobial effect will be intense.

There is data from the literature that highlights the use of honey as a natural indicator
of pollution in mining areas, demonstrating its ability to detect contaminants, such as
heavy metals and pesticides [15,72,73]. Due to different antimicrobial effects of honey from
mining areas compared to protected ones, our results indicate honey as a possible indicator
of polluted areas.

The values presented for the honey samples from mining regions and protected
areas can be statistically preprocessed using a principal component analysis (PCA). This
method is suitable for reducing the dimensionality of the large dataset, containing variables
such as bacteria, fungi, chemical compounds, and heavy metals. It helps identify the
relationships between samples and determine whether the samples from mining areas are
clearly distinguishable from those from protected areas.

A PCA was applied to a dataset containing the microbiological parameters (presence
of bacteria and fungi), bioactive compounds (phenols, flavonoids), and heavy metal content
(Pb, Cd, Fe, Cu, and Zn) of the honey samples. The aim of this analysis was to identify the
main directions of variation in the data and highlight any distinctions between honey from
the mining areas (S) and that from the protected areas (SS).

Figure 4 presents the results of the PCA applied to the honey samples to explore
patterns and groupings based on their chemical composition and antimicrobial activity.

 

Figure 4. PCA observations biplot of the first two components performed on the honey samples from
mining and protected areas, illustrating the differentiation based on the chemical composition and
microbial parameters.

The resulting PCA plot illustrates a clear separation between the two types of samples.
The samples labeled “S” (S1–S4), corresponding to the mining areas, are distinctly grouped
apart from the “SS” samples (SS1–SS4), originating from the protected areas.

This separation highlights the evident impact of the environment on the quality and
composition of the honey. The samples from the mining areas are associated with higher
levels of heavy metals, such as Pb, Cd, Fe, Cu, and Zn, as well as lower concentrations of
bioactive compounds like phenols and flavonoids. On the other hand, the honey from the
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protected areas contains significantly higher amounts of flavonoids and phenols, indicating
superior antioxidant potential and reduced heavy metal contamination.

The analysis indicates that the first three principal components together explain a
significant percentage of the total variance in the dataset, namely 85.1%. The first principal
component accounts for approximately 43% of the total variance, the second adds 23.8%,
and the third contributes 18.3%. Together, these three components represent a considerable
portion of the total variability, suggesting that most of the meaningful information in the
dataset is captured by just the first three main directions.

Thus, the PCA analysis confirms that environmental factors, especially exposure to
heavy metals in mining areas, have a significant influence on the characteristics of honey.
This statistical approach provides a valuable visual and analytical method for differentiating
honey based on ecological origin and for assessing its qualitative and therapeutic potential.

5. Conclusions
The content of metal cations in honey depends on the specific characteristics of an

apiary’s location. The study highlighted significant differences regarding heavy metal
contamination in honey depending on the area of origin, showing that the mining regions
were associated with high levels of lead, cadmium, iron, copper, and zinc, often exceeding
allowable limits. The results indicated maximum values for Pb of 0.607 mg/kg, and
detected the presence of the heavy metals investigated in all the honey samples analyzed,
except for Cd and Cu, which did not exist in significant amounts.

A comparison of international regulations revealed that only lead is uniformly regu-
lated at both the European Union and Codex Alimentarius levels, while other heavy metals
remain insufficiently monitored, emphasizing the need for the global harmonization of
food safety standards.

The comparative analysis of the antimicrobial activity of the honey samples from
mining areas and protected areas revealed that the samples from protected areas exhibited
stronger inhibitory activity against bacteria and fungi compared to those from mining areas.

The statistical correlations between heavy metals and antimicrobial activity suggested,
as a whole, the influence of contaminants on microorganism development, with some
metals exhibiting inhibitory effects and others possibly playing a stimulatory role, de-
pending on the type of pathogen analyzed. Through the principal component analysis
(PCA), a clear separation was observed between the samples from industrial areas and
those from protected natural environments, confirming the negative impact of pollution on
the chemical composition of honey.

The honey samples collected from ecological zones stood out for their higher concen-
trations of bioactive compounds, especially phenols and flavonoids, which provide these
products with superior antioxidant and antimicrobial potential. The results highlight not
only the risks associated with consuming contaminated honey, but also the importance of
protecting ecological environments to maintain the quality of bee products, recommending
the implementation of strict and continuous monitoring of contamination factors.
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10. Šerevičienė, V.; Zigmontienė, A.; Paliulis, D. Heavy Metals in Honey Collected from Contaminated Locations: A Case of Lithuania.
Sustainability 2022, 14, 9196. [CrossRef]

11. Tong, D.Q.; Gill, T.E.; Sprigg, W.A.; Van Pelt, R.S.; Baklanov, A.A.; Barker, B.M.; Bell, J.E.; Castillo, J.; Gassó, S.; Gaston, C.J.; et al.
Health and Safety Effects of Airborne Soil Dust in the Americas and Beyond. Rev. Geophys. 2023, 61, e2021RG000763. [CrossRef]
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