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Figure 7. Titration curves with (a) AlaGlyGlyN(Me)OH and (b) AlaGlyGlyNHOH for (1) the H+-ligand
and the [(η5-Cp*)Rh(H2O)3]2+-ligand systems at (2) 1:2, (3) 1:1, and (4) 2:1 ratios (cL = 1.62–1.82 mM,
I = 0.20 M KNO3); Calculated speciation curves for (c) the [(η5-Cp*)Rh(H2O)3]2+-AlaGlyGlyN(Me)OH
(cL = 1.82 mM) and (d) [(η5-Cp*)Rh(H2O)3]2+-AlaGlyGlyNHOH (cL = 1.62 mM) systems at 1:1 ratio
(negative base equivalent refers an excess of acid in the sample, “Rh” stands for [(η5-Cp*)Rh(H2O)3]2+).

Table 5. Overall stability constants (logβ) for the [(η5-Cp*)Rh(H2O3]2+ complexes formed with tripeptide
hydroxamic acids, together with their suggested binding modes at 25.0 ◦C, I = 0.20 M (KNO3)*.

Species
AlaGlyGlyN(Me)OH AlaGlyGlyNHOH

log� Coordinated Donor Atoms log� Coordinated Donor Atoms

[MHL]2+ 15.53(4) (O,O)hydr 15.35(4) (O,O)hydr
[ML]+ 10.56(7) (NH2,Namide) 10.42(6) (NH2,Namide)

[MH−1L] 2.42(6) (NH2,Namide) 3.42(4) (NH2,Namide, Nhydr)
[MH−2L]- –7.02(7) (NH2,Namide,Namide) –6.91(3) (NH2,Namide,Namide)
[M2L]3+ 14.0(1) (O,O)hydr + (NH2,CO) 13.6(1) (O,O)hydr + (NH2,CO)

[M2H−1L]2+ 9.62(5) (O,O)hydr + (NH2,Namide) 9.53(3) (O,O)hydr + (NH2,Namide)
[M2H−2L]+ - 4.12(3) (O,O)hydr + (NH2,Namide,Nhydr)

Fitting parameter (mL)a 0.0123 0.00599
Number of fitted data 265 256

*For the logβ values, 3σ standard deviations are in parentheses; a Fitting parameter is the average difference between
the calculated and experimental titration curves expressed in the volume of the titrant; coordinated water molecules
at the third coordination sites are omitted.
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Figure 8. 1H-NMR signals of E (singlets) and A (doublets) protons of the species formed in the (a)
[(η5-Cp*)Rh(H2O)3]2+–AlaGlyGlyN(Me)OH and (b) [(η5-Cp*)Rh(H2O)3]2+–AlaGlyGlyNHOH systems
at 1:1 metal ion to ligand ratio as a function of pH (cL = 5.00 mM; 1H-NMR signal at 3.34 ppm refers to
methanol impurity in the ligand).

The conclusions, which can be drawn from a comparison of the equilibrium models/stability
constants in Table 5, from the concentration distribution curves shown in Figure 7c,d and from
the selected 1H-NMR signals presented in Figure 8 are as follows: With the secondary derivative,
the complexation starts above pH ca. 2 with the formation of [MHL]2+, in which (O,O)hydr coordination
mode is supported (a singlet in Figure 8a at 3.35 ppm belongs to the N-methyl (E) protons situating in
the complexed ligand, while another one at 3.22 ppm to the protonated free ligand. The doublet at
1.55 ppm refers to the methyl protons of Ala (A)). Upon increasing the pH, first, the relative intensity of
the singlet at 3.35 ppm increases up to pH ca. 4.5 and then starts to decrease and disappears by pH ca. 7.
This suggests the displacement of the hydroxamate from the coordination sphere by pH 7, and, since
the non-complexed hydroxamic function exists in its protonated form below and ca. pH 7, protonation
of the displaced hydroxamate function occurs (a significant increase is seen in the intensity of the
singlet at 3.22 ppm above pH 7). The appearance of a new doublet (1.55 ppm) at pH = 3.21 indicates
the formation of a new species (this should be [M2L]2+), in which the hydroxamate chelate still exists,
but the NH2-function is also coordinated to another half-sandwich cation, most probably together with
the neighbouring carbonyl-O. A new doublet at 1.30 ppm appears at pH ca. 4.5. Its relative intensity
shows a sharp increase upon increasing the pH from 4.5 to 5.5, and some additional increase up to pH
ca. 7.5 is observable, too. This signal starts to broaden, and its relative intensity decreases above pH
ca. 8 but remains in the spectra up to as high as pH 9.8. Consumption of three equivalents of base
and existence of three different species are shown in Figure 7a,c respectively, within the pH-range,
where the doublet at 1.30 ppm exists. The three species, which are formed within the mentioned
pH-range are the [M2H−1L]2+, [ML]+, and [MH–1L]. As it is evident from the above NMR results,
the coordination mode of the amino terminus of the tripeptide derivative in these three complexes
is similar to each other and occurs, most probably, via (NH2,Namide,CO). The differences between
the coordination modes of these complexes are due to the C-terminal end, where the hydroxamic
function is situated. This latter function is deprotonated and coordinated to a second metal ion in
[M2H−1L]2+, it is non-coordinated and protonated in [ML]+ (the formula of this species is in fact
[MH(H−1L)]+), while it is non-coordinated and deprotonated in [MH−1L]). (The deprotonation of the
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non-coordinated hydroxamic function is clearly seen in Figure 8a from the upfield shift of the resonance
of the N-methyl singlet (E) from 3.22 ppm to 3.10 ppm between pH ca. 7–9.) The thermodynamically
most stable complex, [MH−2L]–, in this system is present above pH 8 with the coordination mode of
(NH2,Namide,Namide), via two joined five-membered chelates.

Compared to the secondary derivative, the primary counterpart AlaGlyGlyNHOH has an additional
and strong competitor donor, Nhydr in its deprotonated form. Consequently, in this ligand, the number of
the N-donors, which can be in chelatable position to each other, is four (NH2, two Namides, Nhydr), which
is more than enough to saturate the three available coordination sites of [(η5-Cp*)Rh(H2O)3]2+. Although
this results in higher variation of the binding modes with the primary ligand compared to the secondary
one no difference can be seen between their coordination behaviour at the start of the interaction
(pH ca. 2–3), where the (O,O)hydr dominates with both ligands and also the thermodynamically most
stable complex, [MH–2L]–, has the same binding mode (NH2, Namide,Namide) in both cases. The formation
of [MH−2L]– (cf. Figure 7c,d), however, is somewhat hindered with the primary derivative (its formation
pH is above 9) compared to the secondary one (pH ~ 8). This difference clearly supports the importance
of the Nhydr coordination in the intermediate pH-range with AlaGlyGlyNHOH. The most important
role of this donor is indicated by the NMR spectra (Figure 8b) in the pH-range ca. 7–10.5, where
a new doublet at high field (1.18 ppm) exists. The pH-dependence of its intensity is very similar
to the concentration profile of [MH−1L] (cf. Figures 7d and 8b) suggesting that this signal can be
designated to the latter complex, in which, most probably, three nitrogens are coordinated to the metal
cation (NH2,Namide,Nhydr). The differences between the binding modes in [MH−1L] formed with
AlaGlyGlyN(Me)OH and AlaGlyGlyNHOH are well observable by the comparison of structures XII and
XIII in Scheme 6.

Scheme 6. Suggested binding modes for the [MH−1L] complexes formed in the [(η5-Cp*)Rh(H2O)3]2+–
AlaGlyGlyN(Me)OH (structure XII) and [(η5-Cp*)Rh(H2O)3]2+–AlaGlyGlyNHOH (structure XIII) systems.

3. Discussion

Based on the solution equilibrium results and on the comparison of them, the following conclusions
can be drawn regarding the complexes of primary and secondary hydroxamic derivatives of common
di- and tripeptides, AlaAlaNHOH, AlaAlaN(Me)OH, AlaGlyGlyNHOH, and AlaGlyGlyN(Me)OH,
with selected 3d metals, Fe(III), Ni(II), Cu(II), Zn(II), and 4d metals, tetraoxido anion of Mo(VI),
half-sandwich type cations of Ru(II) and Rh(III), [(η6-p-cym)Ru(H2O)3]2+, and [(η5-Cp*)Rh(H2O)3]2+:

1. Due to its highest conditional stability out of the possible ones under highly acidic conditions,
the hydroxamate-type chelate, (O,O)hydr is the anchor with all the studied metal ions, Mo(VI),
Fe(III), Cu(II), Ru(II), and Rh(III), with which the interaction starts at pH ca. 3 or below.
The situation is somewhat different with Ni(II) and Zn(II), where the interaction starts at pH ca. 4
or somewhat above. In these latter systems, binding isomers can exist because the coordination
starts either via the five-membered (O,O)hydr or five-membered (NH2,CO) chelate. For Zn(II),
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these initial interactions were followed by hydrolytic processes resulting in the formation of
mixed hydroxido complexes.

2. Exclusive hydroxamate-type coordination could be detected in the whole pH-range with Fe(III)
and Mo(VI) (or also hydroximate-type one in the case of Mo(VI) with primary derivatives at
higher pH). No role of the amino-N or peptide amide-N(s) was found in the complexation with
these two metals. Consequently, there is no any significant difference between their complexation
with the studied dipeptide and tripeptide derivatives. However, significant difference was found
between the Mo(VI)-binding ability of the primary and secondary derivatives, the former being
much more effective Mo(VI)-chelators. This is due to the significantly higher stability of the
doubly deprotonated hydroximato chelate (which was detected in the Mo(VI)–primary derivative
ligand systems up to pH ca. 10). On the contrary, the mono-deprotonated (O,O)hydr chelate
cannot compete with the hydrolysis of the Mo(VI) above the neutral pH.

3. Out of the investigated metals, Ni(II) showed the highest preference towards the N-donors over
the hydroxamate oxygens. This allows only a minor role of the (O,O)hydr at the beginning of
the interaction. After that, Ni(II) forms with the primary AlaGlyGlyNHOH in slow cooperative
processes a planar, 4N-coordinated (NH2,Namide,Namide,Nhydr) 1:1 complex with very high
stability, which exclusively exists above pH ca. 6. With the secondary counterpart, however,
an (NH2,Namide,Namide,Ohydr)-coordinated planar complex is formed, with slightly lower stability
and dominates only above pH ca. 7. The hydrolysis of the coordinated metal ion is hindered
in both complexes, but, in the latter system, formation of bis-complexes in small extent can be
observed in the presence of ligand excess. Nevertheless, even the secondary AlaGlyGlyN(Me)OH
is a more effective ligand for Ni(II) (the situation is the same with Cu(II)) than the previously
studied dipeptide derivatives [19,20].

4. Although the binding modes of the most stable Cu(II) complexes with AlaGlyGlyNHOH
and with the secondary counterpart, the 4N-coordinated (NH2,Namide,Namide,Nhydr) and
(NH2,Namide,Namide,Ohydr) planar 1:1 complexes, respectively, are the same as those with Ni(II);
moreover their stability constants are significantly higher than those of the corresponding Ni(II)
complexes (see Table 2), these species become predominant in the Cu(II)-containing systems in
the higher pH-range only (above pH 8 and 9, respectively). This happens because the (O,O)hydr

can play a crucial role in the interaction with Cu(II), and this is not the case for Ni(II). As a result
of the measurable competition between the different types of potential donors even at neutral pH,
the processes become very slow especially in the Cu(II)–primary tripeptide derivative system (too
slow to allow conventional titrimetry). There is some dominance of the formation of oligonuclear
(mostly dimeric or trimeric) complexes and, mainly with the secondary derivative, the formation
of bis-hydroxamato intermediate complexes is also considerable.

5. There are only maximum three sites available for coordination for the studied half-sandwich
type Ru(II) and Rh(III) cations. There is no doubt that with both cations and all four ligands the
(O,O)hydr anchor-chelate can remain in the coordination sphere up to pH ca. 7 but is displaced
by nitrogen donors, if there is no possibility for the formation of the hydroximate-(O,O)
chelate, with the doubly deprotonated hydroxamic function. If, however, it can be formed,
it remains in the coordination sphere, which is the case with the primary dipeptide derivative
AlaAlaNHOH, and the N-donors can only coordinate to another metal ion. Consequently,
dinuclear complexes predominate from slightly acidic conditions until the end of the investigated
pH-range with both cations. In the most stable complex, the donor set (NH2,Namide,Nhydr)
saturates the coordination sites of one metal, while the (O,O)hydr chelate and either a water,
or above pH ca. 9–10, a hydroxide ion binds to another metal ion. On the contrary, mononuclear
complexes dominate with the secondary counterpart, AlaAlaN(Me)OH, being the most stable
an (NH2,Namide,Ohydr)-coordinated complex with the [(η5-Cp*)Rh(H2O)3]2+ cation. Due to the
significantly higher affinity of [(η6-p-cym)Ru(H2O)3]2+ toward hydrolysis, it forms a mixed
hydroxido complex involving an (NH2,Namide) chelate and a monodentate OH−.
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6. The complex formation processes were too slow between [(η6-p-cym)Ru(H2O)3]2+ and the two
tripeptide derivatives, AlaGlyGlyNHOH and AlaGlyGlyN(Me)OH, above pH ca. 6, where the
interaction with the N-donors started. Consequently, solution equilibrium measurements were
possible only on the [(η5-Cp*)Rh(H2O)3]2+-containing systems. With the secondary derivative
containing three potential nitrogen donors, the initial (O,O)hydr chelate in the highly acidic
pH range is partially replaced by the coordination of the NH2 group (most probably together
with the neighboring CO) above pH ca. 4. This results in the formation of dinuclear species
with mixed (O,O)hydr and (NH2, CO) coordination below pH ca. 7–7.5 as minor complexes,
but mononuclear species with (NH2,Namide,Namide) binding mode (having the hydroxamate
function is uncoordinated) dominate even in this intermediate pH-range.

7. The primary AlaGlyGlyNHOH contains four potential N-donors, which is more than enough to
saturate the coordination sphere of a [(η5-Cp*)Rh(H2O)3]2+ cation. The results show a measurable
competition between the C-terminal Namide and Nhydr between pH ca. 7–10, but above this pH,
the complex with the (NH2,Namide,Namide) donor set, containing the hydroxamate function in
uncoordinated form, has increasing dominance.

4. Materials and Methods

4.1. Materials and Stock Solutions

The ligands AlaAlaNHOH, AlaAlaN(Me)OH, AlaGlyGlyNHOH, and AlaGlyGlyN(Me)OH were
synthesized as previously described [19–21]. The purity and the exact concentration of the ligand stock
solutions were determined by pH-potentiometry using the Gran’s method [33].

The metal ion stock solutions were prepared from CuCl2·2H2O, NiCl2·5H2O, FeCl3·6H2O, and
Na2MoO4 (Reanal, Hungary) using doubly deionised and ultra-filtered water obtained from a Milli-Q
RG (Millipore, Burlington, MA, USA) water purification system. In the case of Fe(III), the stock
solution also contained hydrochloric acid (~0.1 M). ZnO (Reanal, Hungary) was dissolved in diluted
HCl to prepare Zn(II) stock solution. The metal ion concentrations were checked gravimetrically via
precipitation of the quinolin-8-olate salts, Fe(III) was determined by complexometric titration. The acid
content of the Fe(III) stock solution was also estimated using the Gran’s method [33].

RuCl3·xH2O, α-terpinene were purchased from Aldrich (St. Louis, MO, USA), and [(η5-Cp*)Rh(μ2-
Cl)Cl]2 was a commercial product from Strem Chemicals (Newburyport, MA, USA). These chemicals
were used without further purification. [(η6-p-cym)Ru(μ2-Cl)Cl]2 was synthesized and purified
according to a literature method [34]. The aqueous solutions of [(η6-p-cym)Ru(H2O)3](NO3)2 and
[(η5-Cp*)Rh(H2O)3](NO3)2 were obtained by removal the chloride ions from the corresponding dimers
using stoichiometric amount of AgNO3. Metal ion and proton concentrations of these metal ion stock
solutions were also checked with the aid of potentiometric titrations.

Carbonate-free KOH solutions of known concentrations (ca. 0.2 M during the pH-metric
measurements and ca. 5 M to adjust the pH during the 17O-NMR) were used as titrant. HCl and HNO3

stock solutions were prepared from their concentrated solutions (both acids and the base were Merck
products, Germany), and their concentrations were determined by pH-metric titrations.

4.2. Solution Studies

For all of the solution studies, doubly deionised and ultra-filtered water was obtained from
a Milli-Q RG (Millipore) water purification system.

pH potentiometric measurements were carried out at 25.0 ± 0.1 ◦C, at an ionic strength of 0.20 M
KNO3 if the metal ion was either [(η6-p-cym)Ru(H2O)3]2+ or [(η5-Cp*)Rh(H2O)3]2+, while in all the other
cases, it was at 0.20 M KCl. For the systems containing Ru(II) or Rh(III) and a dipeptide hydroxamic acid
as ligand a Mettler Toledo (Switzerland) T50 titrator, if, however, the ligand was a tripeptide hydroxamic
acid, a Mettler Toledo DL50 titrator was used for the pH-metric titrations. Both instruments were
equipped with a Metrohm (Switzerland) double junction (6.0255.100) combined electrode. In all the other
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cases a Radiometer pHM 84 instrument equipped with Metrohm combined electrode (type 6.0234.100)
and Metrohm 715 Dosimat burette was used for the pH-metry. The electrode systems were calibrated
according to Irving et al. [35]. Therefore, the pH-meter readings could be converted into hydrogen ion
concentrations. The water ionization constant was pKw = 13.75 ± 0.01 under the experimental conditions
used. The initial volumes of the samples were 5.00, 10.00, or 15.00 mL, and the ligand concentrations
were varied in the range of 1–5 mM and the metal ion to ligand ratios between 2:1–1:5. Typically, three to
five ratios were measured in each system. The samples were stirred and completely deoxygenated by
bubbling purified argon. Titrations were performed in the pH-range of 2.0–11.0 or until precipitation
occurred in equilibrium controlled mode. pH equilibrium was assumed to be reached if a change in the
measured potential was less than 0.01 mV within 11 s and 0.1 mV within 90 s for the Mettler Toledo DL50
and Mettler Toledo T50 titrators, respectively. The maximum waiting time for the metal ion–containing
systems was 10 min in general, except the systems containing Ru(II) or Rh(III) half-sandwich cations,
where it was 30 min due to the quite slow equilibrium processes. If the equilibrium was not reached
within these times, the measured value was not used during the calculation.

In general, the overall stability constants calculated for the complexes relate to the equilibrium

pM + qH + rL� [MpHqLr] (5)

βpqr = [MpHqLr]/[M]p[H]q[L]r (6)

where “M” stands for Fe3+, Ni2+, Cu2+, Zn2+, [(η6-p-cym)Ru(H2O)3]2+, or [(η5-Cp*)Rh(H2O)3]2+ and
“L” represents the completely deprotonated forms of the ligands. Because the charges are not always
the same, they are omitted in Equation (5).

In the case of Mo(VI), however, the calculated stability constants refer to Equation (1) given in
Section 2.3.

In all calculations, the stability constants were determined via fitting the titration curves by using
the PSEQUAD and SUPERQUAD programs [36,37]. In the case of the systems, where measurable
competition between the hydrolysis of the metal ions and the complexation processes can occur,
the former was taken into account during the calculations by using the following literature data (where
the Davies equation was used to take into account the different ionic strengths; negative stoichiometric
number of H relates to the metal induced ionization of the coordinated water).

[Fe(OH)]2+ logβ1,−1,0 = −3.21; [Fe(OH)2]+ logβ1,−2,0 = −6.73; [Fe2(OH)2]4+ logβ2,−2,0 = 4.09;
[Fe3(OH)4]5+ logβ3,−4,0 = −7.58 [38].

[HMoO4]– logβ1,1,0 = 4.03; [H2MoO4] logβ1,2,0 = 6.70; [H8(MoO4)7]6− logβ7,8,0 = 53.18;
[H9(MoO4)7]5− logβ7,9,0 = 58.10; [H10(MoO4)7]4– logβ7,10,0 = 62.11; [H11(MoO4)7]3− logβ7,11,0

= 64.54 [30].

[{(η6-p-cym)Ru}2(μ2-OH)3]+ (logβ2,−3,0 = −9.16) [32]

[{(η5-Cp*)Rh}2(μ2-OH)2]2+ (logβ2,−2,0 = −8.53); [{(η5-Cp*)Rh}2(μ2-OH)3]+ (logβ2,−3,0 =

−14.26) [39].

For the Ru–AlaAlaNHOH system (where Ru stands for [(η6-p-cym)Ru(H2O)3]2+), the corresponding
hydrochloride salt of the ligand was used, therefore the studied samples also contain one equivalent of
chloride ion as a second ligand.

1H-NMR titrations were carried out on a Bruker (Billerica, MA, USA) Avance 400 instrument at
25.0 ◦C at an ionic strength of 0.20 M KNO3 for the systems containing Ru(II) or Rh(III) half-sandwich
cations and on a Bruker AM360 FT NMR instrument at 0.20 M KCl for the systems containing Zn(II) or
Mo(VI). The chemical shifts are reported in ppm (δH) from TSP as internal standard. Titrations were
performed using individual samples equilibrated for 1 hour prior to the measurements in D2O (99.8%)
at cL = 10.0 mM in the case of dipeptide hydroxamic acid containing systems and cL = 5.0 mM for the
tripeptide hydroxamic acid containing ones. The metal ion to ligand ratios were 1:1 and 2:1, the pH
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of the samples was varied in the range of 2.0–11.5. The pH of the samples was set up with NaOD or
DNO3 solutions in D2O. The pH* values (pH meter readings in D2O solution of a pH-meter calibrated
in H2O according to Irving et al. [35]) were converted into pH values using the following equation:
pH = 0.936×pH* + 0.412. [40].

On all the other systems, the 1H-NMR measurements were made on Bruker AM 360 by using
D2O as solvent. For Mo(VI), DSS was used as standard, metal to ligand ratio was 1:3 in all samples,
the analytical concentration of the ligand was 0.015 M.

For the Mo(VI)-containing systems, 17O-NMR measurements were performed at 1:3 metal ion to
ligand ratio at cL = 0.15 M. The solvent was 90% H2O 10% D2O enriched for 17O. Enrichment of the
molybdate oxygen atoms to 3% was done by the addition of H2

17O (37.8 %, ISOTEC Inc., Matheson
CO, USA) to the samples. The enrichment included the M=O oxygens, while the oxygens of the
ligands were not involved in the 17O isotope enrichment, being inert for oxygen exchange. Spectra
were registered on a Bruker DRX 500 NMR equipment at 67.8 MHz. Spectral widths of 1200 ppm
(81.4 kHz) were used, and data for the FID were accumulated in 8k blocks. A 40o pulse angle and
100 ms relaxation delays were used. The spectra were integrated after baseline correction by using
WINNMR 960901 software. Chemical shifts refer to the signal of tap water, δ = 0 ppm.

Frozen solution EPR (Electron Paramagnetic Resonance) spectra in aqueous samples of the copper
complexes were recorded on a Bruker EMX X-band spectrometer, operating at ~9.4 GHz, equipped
with a HP 53150A microwave frequency counter using 63CuSO4 stock solution. Metallic copper was
purchased from JV Isoflex (Moscow, Russia) containing 99.3% 63Cu and 0.7% 65Cu and converted into
the sulfate. The samples for low-temperature measurements contained a few drops of ethylene glycol
to ensure good glass formation. The metal ion to ligand ratios varied in the range 1:1–1:5 and cCu(II) was
0.005 M; the pH of the samples was varied in the range of 3.4–10.2. Increasing the resolution and avoid
the aggregation process 10 % ethylene glycol was added to the aqueous copper(II) complex samples.

An HP 8453 or Perkin Elmer Lambda 25 spectrophotometer was used to record the UV-Vis spectra
over the range 250–800 nm for copper(II)-, iron(III)-, and nickel(II)-containing systems. The path length
was 1 cm. Measurements for the iron(III)-containing samples were carried out on individual samples
in which the 0.20 M KCl was partially or completely replaced by HCl. pH values, varying in the range
ca. 0.7–1.6, were calculated from the HCl content. The metal ion concentrations were in the range
0.0004–0.0008 M, and the metal ion to ligand ratios were in the range 1:1–1:5. Spectrophotometric
titrations were also performed with samples containing Fe(III), Cu(II) or Ni(II) in 0.0004–0.004 M
concentrations at metal to ligand ratios ranging from 1:1 to 1:5. The spectrophotometric results were
utilized to calculate the stability constants for the Fe(III) complexes formed below pH 2.0.

ESI-MS measurements were carried out on a Bruker micrOTOF-Q instrument in positive ion mode.
The samples were prepared in water, at cM = 0.3 mM. The metal ion to ligand ratios were 1:1 and 2:1 in
all cases, the pH of the samples was set up according to the concentration distribution curves by using
HNO3 or KOH solutions. The temperature of the drying gas (N2) was 180 ◦C, and the pressure of the
nebulizing gas was 0.3 bar. The flow rate was 3 μL/min. The spectra were accumulated and recovered
by a digitalizer at a sampling rate of 2 GHz. DataAnalysis (version 3.4) was used for the calculations.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/21/3941/
s1: Figure S1. EPR spectra recorded at different pH values for the (a) 63Cu(II)–AlaGlyGlyNHOH and (b)
63Cu(II)–AlaGlyGlyN(Me)OH systems at 1:1 and 1:2 metal ion to ligand ratios, respectively (cCu(II) = 5.00 mM);
Figure S2. pH dependence on the low-field region of 1H-NMR spectra of [(η6-p-cym)Ru(H2O)3]2+–AlaAlaNHOH
system at 1:1 metal ion to ligand ratio (cL = 10.0 mM); Figure S3. Measured and calculated ESI-MS spectra of
[M2H−2L]+ formed in [(η6-p-cym)Ru(H2O)3]2+–AlaAlaNHOH system at pH = 8.01; Figure S4. pH dependence
on the 1H-NMR spectra of (a) [(η5-Cp*)Rh(H2O)3]2+–AlaGlyGlyN(Me)OH = 2:1 system and (b) CH3 signals
of Cp* ligand at different pH values (region of the methyl protons is shown with reduced intensity for an
easier interpretation); Table S1. Observed and calculated m/z values of the species formed in the investigated
half-sandwich cation–dipeptide hydroxamic acid systems.
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Abstract: Speciation studies are based on fundamental models that relate the properties of biomimetic
coordination compounds to the stability of the complexes. In addition to the classic approach
based on solution studies, solid state properties have been recently proposed as supporting tools to
understand the bioavailability of the involved metal. A ten-year long systematic study of several
different complexes of imidazole substituted ligands with transition metal ions led our group to
the definition of a model based on experimental evidences. This model revealed to be a useful
tool to predict the stability of such coordination complexes and is based on the induced behavior
under thermal stress. Several different solid state complexes were characterized by Thermally
Induced Evolved Gas Analysis by Mass Spectrometry (TI-EGA-MS). This hyphenated technique
provides fundamental information to determine the solid state properties and to create a model
that relates stability to coordination. In this research, the model resulting from our ten-year long
systematic study of complexes of transition metal ions with imidazole substituted ligands is described.
In view of a systematic addition of information, new complexes of Cu(II), Zn(II), or Cd(II) with
2-propyl-4,5-imidazoledicarboxylic acid were precipitated, characterized, and studied by means
of Thermally Induced Evolved Gas Analysis performed by mass spectrometry (TI-EGA-MS). The
hyphenated approach was applied to enrich the information related to thermally induced steps,
to confirm the supposed decomposition mechanism, and to determine the thermal stability of the
studied complexes. Results, again, allowed supporting the theory that only two main characteristic
and common thermally induced decomposition behaviors join the imidazole substituted complexes
studied by our group. These two behaviors could be considered as typical trends and the model
allowed to predict coordination behavior and to provide speciation information.

Keywords: speciation; biomimetic complexes; evolved gas analysis; TI-EGA-MS

1. Introduction

Speciation studies can be related by setting up fundamental models based on properties of
biomimetic coordination compounds that provide the stability of the complexes in order to understand
the bioavailability of the involved metal.

Speciation models are mainly based on the classic approach by studies in different solution
conditions. It is also well known that the thermal stability of a complex in the solid state is inversely
proportional to the stability of the same complex in aqueous solution.

Metal complexes containing imidazoledicarboxylate ligands have been extensively studied
because of their interesting properties. They are recognized to be realistic models as biomimetic
simulators because of their characteristics, such as versatile structures useful for flexible tailoring.
Additional interest has been demonstrated because of promising applications in gas storage, catalysis,
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optoelectronics, sensors, magnetism, luminescence, environment, and porous materials [1–33].
In consulting the literature, it is usual to find characterizations of new coordination compounds
or complexes that report the synthesis, the elemental analysis, IR spectroscopic, and sometimes NMR
or X-ray resulting information. More frequently, additional information is obtained from the solid
state precipitates by means of thermal behavior. It is now globally recognized that the thermal stress
induced on the complexes is able to provide kinetic and chemical decomposition information of the
examined samples. This approach in itself is not sufficient to explain complex releasing steps. The
most recent approach on-line couples FTIR or MS spectroscopies to increase the information and
correctly characterizes the releasing (or decomposition) steps. The obtained data from the Thermally
Induced Evolved Gas Analysis (TI-EGA) are becoming valuable supporting information that proposes
a more complete characterization of the study of thermally induced decomposition mechanisms [34–41].
Our group reported these advantages in several reviews [42,43], enhancing the very different fields of
application. This hyphenated approach is recognized as a very useful tool to propose decomposition
mechanisms for precipitated complexes [44–48]. To step ahead, our group recently suggested new
trends in thermal analysis [49–55] also comparing a new approach by portable microNIR, both oriented
on the application of chemometrics [56,57].

A ten-year long systematic study of several different complexes of imidazole substituted ligands
with transition metal ions led our group to the definition of a model based on experimental evidences.
This model is revealed to be a useful tool to predict the stability of such coordination complexes and
is based on the induced behavior under thermal stress. Several different solid state complexes were
characterized by Thermally Induced Evolved Gas Analysis by Mass Spectrometry (TI-EGA-MS). This
hyphenated technique provides fundamental information to determine the solid state properties and
to create a model that relates stability to coordination.

The results of our ten-year long systematic study on several different complexes of substituted
imidazole ligands with transition metal ions gave us the experimental evidence of two characteristic
reproducible decomposition pathways. A predictive model was consequently proposed by our group.
The TI-EGA-MS results allowed us to propose, for all these complexes, preliminary low-temperature
thermally induced steps related to the loss of water molecules and counter ions, already present,
followed by two different reproducible discriminating trends:

• The rupture of side chains, to give a five- or six-member ring as intermediate, compatibly with the
percent weight loss and the TI-EGA-MS information. This behavior was recorded with ligands,
such as N,N′-bis-(2-hydroxybenzylidene)-1,1-diaminobutane, 2-aminomethyl-benzimidazole,
imidazole-4,5-dicarboxylic acid, and similar structures;

• The total loss of substitutions, with an imidazole 1:2 or 1:4 complex remaining as intermediate,
before the last decomposition step involving the metal oxide. This behavior was recorded with
ligands, such as (1-methylimidazol-2-yl)ketone, dopamine, and derived structures. All these
studies are described in the references [57–68] and are the experimental evidences on which
the proposed model is based. This thermally induced behavior, and the consequently derived
model, is proposed as a tool to provide stability information on the complexes to be related to
speciation studies.

The robustness of this predictive model needs additional examples to be continuously inserted. This
study of new solid state complexes of Cu(II), Zn(II), and Cd(II) with 2-propyl-4,5-imidazoledicarboxylic
acid was carried out with two main goals: i) To predict the stability from the solid state characteristics
and ii) to add experimental evidences to the model.

Complexes were precipitated and characterized following previously reported procedure to be
correctly compared. On the basis of the resulting characteristics, a predicted behavior and consequent
stability was predicted by the model. The model prediction was successfully confirmed by the results
of the Thermally Induced Mass Spectrometry Evolved Gas Analysis (TI-EGA-MS). Results, again,
showed that between the two main common thermally induced decomposition behaviors, the one
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predicted by the model joined the substituted imidazole complexes studied by our group and could be
considered as typical trends for these structures.

2. Results and Discussion

The results from the elemental analysis of the precipitated complexes are reported in Table 1.
Calculated and experimentally measured element percents are in good agreement.

Table 1. Elemental analysis results for the precipitated complexes. Cu, Zn, or Cd (Metal%) were
determined by ICP-OES.

Complex
C/% H/% N/% Metal/%

Found Calculated Found Calculated Found Calculated Found Calculated

Cu(H2PIDC)2(H2O)2 39.1 39.3 4.7 4.5 11.8 11.4 12.2 12.1
Zn(H2PIDC)2(H2O)2 39.3 39.3 4.7 4.5 11.5 11.4 11.9 12.1
Cd(H2PIDC)2(H2O)2 27.2 27.4 4.5 4.0 7.9 8.0 21.1 21.3

As for similar complexes, reported by Yang and coworkers [69], FTIR spectra confirmed the main
common absorption band (KBr, cm−1): 2975 (m), 1720 (s), 1540 (s), 1390 (s), 1280 (s), 1100 (m), 860 (m),
775 (m), 695 (w), 660 (m), 510 (m).

The Solid State Model, on the basis of these characteristics, predicted these complexes belonging
to the first group described in the introduction.

Thermally induced releasing steps of the precipitated Cu(H2PIDC)2(H2O)2, Zn(H2PIDC)2(H2O)2,
and Cd(H2PIDC)2(H2O)2 were comparatively studied by thermally induced evolved gas analysis
by mass spectrometry (TI-EGA-MS) to confirm the decomposition mechanism proposed by the
model. In Figure 1, the thermoanalytical profiles of the three complexes, registered while heating the
precipitates, are overlapped to compare the releasing steps under the oxidant (air) purging flow.

Figure 1. Thermally induced releasing profiles of the Cu(H2PIDC)2(H2O)2 (blue curve), Cd(H2PIDC)2

(H2O)2 (red curve), and Zn(H2PIDC)2(H2O)2 (green curve): Air flow at 100 mL min−1; heating rate
5 ◦C min−1.

As previously reported for similar complexes, the thermally induced behavior was confirmed to
be based on three main steps (see Table 1) with a first release of the water molecules and of only one
side chain of the ligand. This hypothesis can be based on the molecular structure of this complex that
shows one side chain in the external position, consequently easier to be removed.

The consequent Evolved Gas Analysis by Mass Spectrometry confirmed the release of the two
water molecules by detecting fragments at m/z = 17 and 18, and of the side chain by m/z = 28, in the
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temperature range of 100–200 ◦C, as shown in Figure 2. The behavior was not influenced when the
oxidant flow (air) was changed to inert flow (N2).

Figure 2. Representative curves of Thermally Induced Evolved Gas Analysis by Mass Spectrometry:
m/z traces commonly recorded as a function of the temperature for all the analyzed complexes.

In the second releasing process (200–300 ◦C), the presence of fragments at m/z = 28, 29, and 46
when nitrogen is the reacting flow (Figure 2) and the calculated percent weight loss, proved the rupture
of the ligand ring, as depicted in Figure 3, and the temporary consequent rearrangement. The final
third thermally induced step (300–500 ◦C) led to the complete decomposition of the residual compound
to obtain the metal oxide.

Figure 3. Scheme of the general decomposition mechanism.

By matching the MS fragmentation and the correspondence between percent weight loss calculated
and percent weight loss experimentally recorded (Table 2), the proposed decomposition mechanism is
clearly supported.
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Table 2. Temperature range of the main thermal steps and the corresponding percent weight loss.

Complex

First TG Step
100–190 ◦C

Weight Loss %

Second TG Step
230–300 ◦C

Weight Loss %

Third TG Step
300–450 ◦C

Weight Loss %

Found Calculated Found Calculated Found Calculated

Cu(H2PIDC)2(H2O)2 13.3 13.1 45.0 45.8 25.7 26.0
Zn(H2PIDC)2(H2O)2 13.0 13.1 46.9 45.8 24.0 26.0
Cd(H2PIDC)2(H2O)2 11.6 11.2 43.0 43.3 24.3 24.2

The thermal behavior of the complexes was also verified by an inert purging flow (nitrogen) to
check the differences when the pyrolysis took place instead of oxidation. Only the final step showed a
different shape due to the uncompleted reaction to give the metal oxides.

No effects due to the inert atmosphere were detected up to 300 ◦C.
Consequently, the results clearly showed that the studied complexes of transition metal ions with

2-propyl-4,5-imidazoledicarboxylic acid belong to the first group described in the introduction.
The model correctly predicted the corresponding group.

3. Experimental and Methods

3.1. Materials

The ligand 2-propyl-4,5-imidazoledicarboxylic acid (H3PIDC) and the copper, zinc, and cadmium
salts were purchased from Sigma-Aldrich-Merck Co. (St. Louis, MO, USA). All the reagents were of
A.R. grade and used without further purification. The conditions already reported for the previously
published similar complexes were strictly followed.

3.2. Instrumental

Elemental and spectroscopic analyses, thermoanalytical characterization, and consequent
Thermally Induced Evolved Gas Analysis by Mass Spectrometry (TI-EGA-MS) were performed
as previously reported [68,70,71].

4. Conclusions

This study of newly synthesized transition metal complexes is aimed to contribute to a larger
systematic investigation to support the two-way characteristic decomposition path that is strictly
related to the structural stability of the precipitated complexes.

The ten-year long based model correctly predicted the characteristics of the precipitated complexes,
anticipating what was experimentally confirmed.
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41. Dovgaliuk, I.; Ban, V.; Sadikin, Y.; Černý, R.; Aranda, L.; Casati, N.; Devillers, M.; Filinchuk, Y. The First
Halide-Free Bimetallic Aluminum Borohydride: Synthesis, Structure, Stability, and Decomposition Pathway.
J. Phys. Chem. C 2014, 118, 145–153. [CrossRef]
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Abstract: Lemon balm (Melissa officinalis) is a popular herb widely used in medicine. It is often
cultivated in soils with substantial heavy metal content. Here we investigate the associated effects of
cadmium and copper on the plant growth parameters augmented by the manganese, zinc, and lead
uptake indicators. The concentration of all elements in soil and plants was determined by the HR-CS
FAAS with the ContrAA 300 Analytik Jena spectrometer. Bioavailable and total forms calculated
for all examined metals were augmented by the soil analyses. The index of chlorophyll content in
leaves, the activity of net photosynthesis, stomatal conductance, transpiration rate, and intercellular
concentration of CO2 were also investigated. Either Cd or Cu acting alone at high concentrations in
soil are toxic to plants as indicated by chlorophyll indices and gas exchange parameters. Surprisingly,
this effect was not observed when both metals were administered together. The sole cadmium or
copper supplementations hampered the plant’s growth, lowered the leaf area, and altered the plant’s
stem elongation. Analysis of variance showed that cadmium and copper treatments of lemon balm
significantly influenced manganese, lead, and zinc concentration in roots and above ground parts.

Keywords: Melissa officinalis; herbs; heavy metals interactions; photosynthesis indicators; HR-CS FAAS

1. Introduction

Plants utilize diverse strategies for the uptake of heavy metals from soil. This issue has been
thoroughly investigated over years yielding a continuously growing number of publications [1,2].
One of the most important questions is related to the way in which particular metals enter and further
migrate in the plant body. Several mechanisms and strategies have been reported [3]. However, we
should bear in mind that real soil is a complex matrix in which components promptly interact with one
another [4]. This issue is of particular relevance when heavy metals uptake and further migration are
concerned. In this study we describe the combined impact of copper and cadmium on manganese,
lead, and zinc uptake by the lemon balm (Melissa officinalis L.).

Despite remarkable progress in modern medicinal chemistry herbal therapies, almost 80% of
the world’s population relies on herbal medicine [5]. Therefore, herbs are important commodities
on the global market. In particular, the production of dry herbal raw material in Poland approaches
20,000 tons annually, giving this country a leading position in Europe [6]. Melissa officinalis, also
known as lemon balm, honey balm, common balm or balm mint, is a perennial herbaceous plant in
the mint family Lamiaceae. This plant is native to south-central Europe, the Mediterranean Basin, Iran,
and Central Asia, but now has been naturalized in both Americas and elsewhere [7]. It is widely
used in medicine all over the world. Its leaves contain flavonoids, beneficial volatile compounds,
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triterpenes, and polyphenols. M. officinalis possesses sedative, antibacterial, antiviral, and antifungal
activities [8]. It is not demanding and is an easy-to-grow herb, which can be cultivated in diverse
soils and climatic conditions. The perspective applications of either extracts or essential oils may
be related to the antioxidant activities as confirmed by several recent publications [9]. In view of
those reports, lemon balm may be a useful source of rosmarinic acid and other phenolic compounds.
According to Dastmalchi et al. [10], the former is responsible for the anti- acetylcholinesterase activity
of M. officinalis extracts and may be applied in controlling Alzheimer’s disease [11]. Those extracts
were also administered in multidimensional cancer therapies [12].

The diverse conditions of lemon balm cultivation inflict changes in the constitution of this
particular plant and affect its medical value [13]. Furthermore, the latter may be also affected by
the processing method and storage conditions of the harvested herbs [14]. Especially, heavy metals
in soil and their either uptake or accumulation by plants should be carefully controlled. The EU
regulations as applied to herbs are restricted to toxic elements, i.e., cadmium, lead, and chromium
only [15,16]. Unfortunately, metals widely regarded as beneficial may also be stressful to plants at
ambient concentrations.

Cadmium and copper are classified as priority pollutants. Copper is essential for the plant’s
growth. However, its elevated concentrations in soil may lead to toxicity symptoms and hamper
proper plant development [17]. Cadmium is a toxic element. Indeed, our recent study showed that
its supplementation to soil reduced the growth of the lemon balm (Melissa officinalis L.) plant and
decreased all relevant photosynthesis indicators [18]. Copper and cadmium associated interactions
have been scarcely studied so far. To the best of our knowledge, their impact on the uptake of heavy
metals widely distributed in the soil environment has not been investigated yet. Copper and cadmium
are reported to enter the plant cell through either a competing or synergistic way, respectively [19].
Verification of this hypothesis for plants cultivated in real soil environments is of practical relevance
when migrations of metals originating from wastes, sewage, or fertilizers are concerned.

In this publication we show the influence of copper and cadmium on manganese, lead, and zinc
uptake by lemon balm (Melissa officinalis L.). Both former metals are prone to associated interactions.
Nevertheless, their combined impact on heavy metals uptake by plants has not been investigated so far.

2. Results and Discussion

The investigated soil was slightly acidic (pH = 6.1) with the organic matter content at the 26%
level. This is typical for the organic arable lands widely encountered in central Poland. The Mn, Cu,
Zn, Cd, Pb bioavailable (89.2 ± 4; 2.78 ± 0.04; 19.6 ± 0.8; 0.14 ± 0.01; 8.70 ± 0.30 μg g−1, respectively)
and total (143 ± 3; 5.54 ± 0.4; 46.4 ± 1.9; 0.21 ± 0.02; 12.7 ± 0.3 μg g−1, respectively) forms were below
limits as specified in international regulations [20,21]. Metals content in the lemon balm cultivated in
soil treated with Cd, Cu, or mixtures of both metals are presented in Figure 1.
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Figure 1. Manganese (a); lead (b); copper (c); cadmium (d); zinc (e) content (μg/g) in above ground
parts and roots of the Melissa officinalis plant displayed against the Cd and Cu doses as used for the
soil supplementation. 2 Cd = 2 μg/g cadmium; 8 Cd = 8 μg/g cadmium; 20 Cu = 20 μg/g copper;
100 Cu = 100 μg/g copper. In (c) and (d) dark bars show lower metal concentrations and are related to
the left scale axis while pale bars (higher concentrations) are represented by the right axis.

Melissa officinalis cultivated in the untreated reference soil accumulated all investigated metals
mostly in roots. The important exception was manganese, which to a large extent migrated to the above
ground parts of the plant. The copper treatment at either 20 μg g−1 or 100 μg g−1 had a significant
impact on the Mn, Pb, Cd, and Zn content in roots only. The cadmium supplementation (2 and
8 μg g−1) reduced Mn, Pb, Cu, and Zn uptake by the above ground part of the Melissa officinalis plant
as compared to that in the control sample. Surprisingly, Cd uptake by either roots or above ground
parts of lemon balm was inversely proportional to the Cu concentration in soil. However, the Cu
concentration in plant tissues was not directly related to the Cd content in soil.

The chlorophyll content in leaves, the activity of net photosynthesis, stomatal conductance
transpiration rate, and intercellular CO2 concentration (Figure 2) indicate that lemon balm exhibited
diverse photosynthesis activities. Either Cd or Cu acting alone at high concentrations in soil (8 and
20 μg g−1, respectively) are toxic to plants as indicated by chlorophyll indices and gas exchange
parameters. Surprisingly, this effect was not observed when both metals were administered together.
The sole cadmium or copper supplementations hampered the plant’s growth, lowered the leaf area,
and altered the plant’s stem elongation. The important exception was the lowest 2 μg g−1 Cd dose,
which increased the leaf area and the stem length (Figure 3) while at the same time prompted the
leaves’ green colour to fade. The inhibition of chlorophyll synthesis upon the Cd administration in soil
has been recognized and it is sometimes related to hampering the Mg uptake by particular plants [22].
Remarkably, the higher Cd doses did not affect either the plant’s growth or the leaf area as compared
to the control species. It is generally accepted that Cd alters physiological processes in leaves [23].
The majority of reports emphasize the negative effects leading to the biomass decline. However,
contradictory statements do also exist. In particular, Piršelová et al. [24] showed that in the faba bean
plant (Vicia faba cv. Aštar) Cd administration to soil resulted in the decrease of either fresh or dry root
weight, but at the same time it prompted the increase of shoots fresh biomass. A similar rise of fresh
shoots weight was also observed by Shah et al. [25] in shisham (Dalbergia sissoo Roxb.). The Cd toxicity
in plants has been a subject of numerous investigations [26,27]. Unfortunately it is species dependent
and the final conclusions are often contradictory and by all means are far from clarity [28,29].
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Figure 2. Net photosynthesis (a); transpiration (b); stomatal conductance (c); intercellular CO2

concentration (d); index of chlorophyll content (e); height of the plant (f) for lemon balm grown on
soil either with or without Cd and Cu treatment. 2 Cd = 2 μg/g cadmium; 8 Cd = 8 μg/g cadmium;
20 Cu = 20 μg/g copper; 100 Cu = 100 μg/g copper.
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Figure 3. Representative leaves of Melissa officinalis cultivated in soils either with or without Cd and
Cu treatment.

The two-way ANOVA (Table 1) shows that significant, combined Cd and Cu interactions are
triggered by the Mn, Pb, and Zn as present in soil. Correlations between Cd and Cu in soil and
plant environment are quite well recognized and documented in the scientific literature [30,31].
However, the associated interactions involving more heavy metals as present in the soil environment
has not been studied as yet.

Table 1. Two-way ANOVA parameters* for Mn, Pb, and Zn contents in above ground parts and in roots
of Melissa officinalis across eight soil supplementations as described in the Materials and Methods section.

Roots

Source of variation SS df MS F p Test F

Samples 7961.42 8 995.18 207.72 6.35 × 10−62 2.0252
Metals 96,997.42 2 48,498.71 10,123.28 1.40 × 10−123 3.0803

Interactions 9687.58 16 605.47 126.38 3.59 × 10−62 1.7380

Above ground parts

Source of variation SS df MS F p Test F

Samples 2514.20 8 314.28 106.00 1.49 × 10−47 2.0252
Metals 36,578.72 2 18,289.36 6168.95 4.70 × 10−112 3.0803

Interactions 2080.99 16 130.06 43.87 9.17 × 10−40 1.7380

*SS—sum of squares; df—degrees of freedom; MS—mean square; p—probability value; F—calculated Snedecor’s F
parameter; Test F—Snedecor’s F critical value.
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Cd and Cu may influence either metals uptake from the soil or their further migration within the
plant body. The former may be analyzed by the transfer coefficient (TC) and bioaccumulation factor
(BAF). They are defined as ratios of particular element concentrations in root and shoot, respectively,
related to their content in the soil environment [32–34]. Metal distribution inside the plant body was
assessed by the translocation factor (TF), which is the ratio of element concentration in the above
ground part of the plant to that in roots [35–37].

The TC calculated for lemon balm plants cultivated in the reference, untreated soil was in the
series Cd > Zn > Cu > Pb >Mn. The TF for the untreated soil followed the order Mn > Cu > Pb >
Zn > Cd. Increase of Cd content in soil from 2 to 8 μg g−1 changed the position of Cu, Zn, and Pb in
both series, giving the orders Cd > Cu > Zn >Mn > Pb and Mn > Zn > Cu > Pb > Cd, respectively.
The BAF calculated for plants cultivated in the untreated soil was in the order Cd > Cu > Zn >Mn >
Pb, which was significantly altered upon the Cd and Cu administration.

The uptake and transport of ballast metals Cd and Pb take place on a competitive basis with
micro- and macroelements for trans-membrane carriers characterized by a broad specificity. Upon ion
deficit in the cell, those transporters are synthesized and further activated in biological membranes.
As non-specific carriers, they also transport ballast elements in excess. Cadmium entering root cells
probably uses broad-spectrum transporters for copper and zinc. Therefore, the uptake of this metal in
the presence of increased doses of cadmium decreases.

3. Materials and Methods

3.1. Soil Analysis

Soil samples were collected in May 2017 from the topsoil according to the standard procedure [38]
on agricultural land located at 51◦22′ N, 19◦49′ E (Włodzimierzów village, Piotrków Trybunalski
district, Poland). All samples were dried and sifted (<2 mm). Soil pH was measured in 1 mol L−1 KCl
solution by the potentiometric method [39]. The gravimetric method for the determination of soil
organic matter by the mass loss at 550 ◦C was applied [40,41]. The bioavailable forms of metals were
determined in 0.5 mol·L−1 HCl solutions [42]. The total metal contents were measured in samples
mineralized with the Multiwave 3000 instrument (Anton Paar GmbH, Graz, Austria). A mixture of
concentrated HNO3 (6 mL) and HCl (2 mL) was applied. Metal concentrations were determined by
the HR-CS FAAS with the ContrAA 300 (Analytik Jena spectrometer, Jena, Germany).

3.2. Preparation of Plant Material

Lemon balm was cultivated under laboratory conditions by the pot method [43]. A single pot
contained 200 g of soil. The first series consisted of five pots and was cultivated as a reference without
metals addition. The subsequent eight series (five samples each) were augmented with Cd(NO3)2

or Cu(NO3)2 solutions to the final metal concentrations in soil: (I) 2 μg g−1 Cd; (II) 8 μg g−1 Cd; (III)
20 μg g−1 Cu; (IV) 100 μg g−1 Cu; (V) 2 μg g−1 Cd and 20 μg g−1 Cu; (VI) 2 μg g−1 Cd and 100 μg
g−1 Cu; (VII) 8 μg g−1 Cd and 20 μg g−1 Cu; (VIII) 8 μg g−1 Cd and 100 μg g−1 Cu. Seeds of Melissa
officinalis (P.H. Legutko company, Jutrosin, Poland) were sown in an amount of 0.1 g (approximately
80 seeds) per pot. All pots were kept in a growth chamber at controlled temperatures 23 ◦C ± 2 ◦C
(day) and 16 ◦C ± 2 ◦C (night). The relative humidity was limited to 70–75% while the photosynthetic
active radiation (PAR) during the 16 h photoperiod was restricted to 400 μmol m−2 s−1. All plants were
regularly watered by demineralized water. After three months, the above ground parts of the plants
were cut, and the roots were separated from the soil and washed with demineralized water. The entire
harvest was dried at 45 ◦C, homogenized, and grounded.

3.3. Determination of Metals in Basil

The dried lemon balm samples (0.5 g) were mineralized in concentrated HNO3 (6 mL) and
HCl (1 mL) acid solutions with a microwave (Anton Paar Multiwave 3000). Metal contents were
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determined by the HR-CS FAAS with the ContrAA 300 Analytik Jena spectrometer. The certified
reference material INCT-MPH-2 (a mixture of selected Polish herbs) was used for the validation of the
analytical methodology (Table 2) [44].

Table 2. Metals concentration in the certified reference material (p = 0.95; n = 6).

Metal
Certified Value

μg g−1
Found
μg g−1

Recovery
%

Manganese 191 ± 12 188 ± 8 98
Lead 2.16 ± 0.23 2.13 ± 0.13 98

Copper 7.77 ± 0.53 7.50 ± 0.38 96
Cadmium 0.199 ± 0.015 0.206 ± 0.007 103

Zinc 33.5 ± 2.1 34.2 ± 0.7 102

3.4. Melissa Plant Growth and Its Physiological Activity

Plant height was measured from the soil surface up to the highest part of the leaf. Index of
chlorophyll content was evaluated using the Konica Minolta SPAD-502, Tokyo, Japan, a methodology
in which the chlorophyll concentration is determined by measuring the leaf absorbance in the red and
near-infrared regions. Gas exchange (activity of net photosynthesis, stomatal conductance, intercellular
concentration of carbon dioxide, and transpiration) was determined with the gas analyzer apparatus
TPS-2 (Portable Photosynthesis System, Amesbury, MA, USA) [45–48]. All measurements were made
in triplicate on separate plants.

3.5. Data Analysis

All analyses were repeated five times. Bartlett’s and Hartley’s tests were used to confirm the
equality of investigated population variance (STATISTICA, version 10 PL, package). The normality of
the data was tested using the Shapiro-Wilk test [49,50]. Two-way ANOVA was used to evaluate the
combined effect of the cadmium or copper supplementation in soil on the accumulation of manganese,
lead, and zinc by the lemon balm plant. All calculations were performed at the 0.95 probability level.

4. Conclusions

Our results showed that additive cadmium–copper interactions modified manganese, lead, and
zinc uptake by Melissa officinalis. This issue is of particular importance when herbs are grown in soils
with diverse and not fully controlled heavy metals concentrations. Either Cd or Cu acting alone at
high concentrations in soil (8 and 20 μg g−1, respectively) is toxic to plants as indicated by chlorophyll
indices and gas exchange parameters. Surprisingly, this effect was not observed when both metals
were administered together. The maximum permissible concentrations (MPC) commonly used in
agriculture and environmental protection assessment strategies usually accounts for single-metal
toxicities and do not acknowledge additive effects. This issue has not been fully recognized by the
environmental protection bodies at either national or European levels.
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24. Piršelová, B.; Kuna, R.; Lukáč, P.; Havrlentová, M. Effect of cadmium on growth, photosynthetic pigments,

iron and cadmium accumulation of faba bean (Vicia Faba cv. Aštar). Agriculture (Polnohospodárstvo) 2016, 62,
72–79. [CrossRef]

163



Molecules 2019, 24, 2458

25. Shah, F.R.; Ahmad, N.; Masood, K.R.; Zahid, D.M. The influence of cadmium and chromium on the biomass
production of shisham (Dalbergia Sissoo Roxb.) seedlings. Pak. J. Bot. 2008, 40, 1341–1348.

26. Ibrahim, M.H.; Kong, Y.C.; Zain, N.A.M. Effect of cadmium and copper exposure on growth, secondary
metabolites and antioxidant activity in the medicinal plant Sambung Nyawa (Gynura procumbens (Lour.)
Merr.). Molecules 2017, 22, 1623. [CrossRef]

27. Feng, J.; Lin, Y.; Yang, Y.; Shena, Q.; Huanga, J.; Wang, S.; Zhu, X.; Li, Z. Tolerance and bioaccumulation of
Cd and Cu in Sesuvium portulacastrum. Ecotoxicol. Environ. Saf. 2018, 147, 306–312. [CrossRef] [PubMed]

28. Balestri, M.; Ceccarini, A.; Forino, L.M.C.; Zelko, I.; Martinka, M.; Lux, A.; Castiglione, M.R. Cadmium
uptake, localization and stress-induced morphogenic response in the fern Pteris vittata. Planta 2014, 239,
1055–1064. [CrossRef] [PubMed]

29. De Maria, S.; Puschenreiter, M.; Rivelli, A.R. Cadmium accumulation and physiological response of sunflower
plants to Cd during the vegetative growing cycle. Plant. Soil Environ. 2013, 59, 254–261. [CrossRef]
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Abstract: Introduction: Alcohol overuse may be related to increased aluminum (Al) exposure,
the brain accumulation of which contributes to dementia. However, some reports indicate that
silicon (Si) may have a protective role over Al-induced toxicity. Still, no study has ever explored the
brain content of Al and Si in alcoholic use disorder (AUD). Materials and methods: To fill this gap,
the present study employed inductively coupled plasma optical emission spectrometry to investigate
levels of Al and Si in 10 brain regions and in the liver of AUD patients (n = 31) and control (n = 32)
post-mortem. Results: Al content was detected only in AUD patients at mean ± SD total brain
content of 1.59 ± 1.19 mg/kg, with the highest levels in the thalamus (4.05 ± 12.7 mg/kg, FTH), inferior
longitudinal fasciculus (3.48 ± 9.67 mg/kg, ILF), insula (2.41 ± 4.10 mg/kg) and superior longitudinal
fasciculus (1.08 ± 2.30 mg/kg). Si content displayed no difference between AUD and control, except for
FTH. Positive inter-region correlations between the content of both elements were identified in the
cingulate cortex, hippocampus, and ILF. Conclusions: The findings of this study suggest that AUD
patients may potentially be prone to Al-induced neurodegeneration in their brain—although this
hypothesis requires further exploration.

Keywords: aluminum; silicon; ICP-OES; trace elements; brain trace element concentration;
brain toxicity

1. Introduction

Aluminum (Al), the most abundant metal and third most common element in the Earth’s crust,
is increasingly used for various purposes in a number of sectors within the pharmaceutical (e.g.,
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as antacids, phosphate binders, buffered aspirins, adjuvant) cosmetics (e.g., in antiperspirants) and
food (e.g., as a packing material, food additive) industries. The majority of Al is continuously extracted
from existing ores, with recycling processes accounting only to 40% of its overall supply [1]. This results
in a rise in environmental and circulating levels of Al, and as estimated, its exposures have increased
at least 30-fold over the last 50 years—with a mean of 11 kg of Al being currently refined for every
human, annually [2].

There is no specific biological role identified for Al, and its ion (Al3+) is known to reveal
toxic action. Accumulating evidence from in vitro and in vivo experimental studies, as well as
epidemiological observations, demonstrate that increased exposures to Al can lead to a number of
adverse health effects [3]. Al has been postulated to induce oxidative stress in various cell types [4,5],
interfere with estrogen receptors [6], support osteomalacia via phosphate deficiency, impair calcium
uptake and engender dysfunctional osteoblast proliferation [7], as well as to alter iron homeostasis
by disrupting intestinal Fe absorption and normal tissue ferritin levels [8]. Of highest concern
is that studies on Al uptake have revealed a neurotoxic action that is potentially implicated in
different neurodegenerative disorders, including encephalopathy, Alzheimer’s disease and multiple
sclerosis [9–11]. As shown in experimental animals, Al can lead to accumulation of Aβ and tau
protein, and induction of neuronal apoptosis in the brain [12,13], and impair learning and memory
functions [14,15]. Acute exposures to Al in human were associated with cognitive impairment,
such as agitation, confusion, or myoclonic jerk [16,17], while occupationally exposed subjects revealed
disruption in memory and concentration [18,19]. Thus, research has assessed its content in human
bones [20,21], in organs, such as the brain [22] and uterus [23,24], as well as in fluids including urine [25],
serum [26], breast milk [27], and semen [28].

A number of activities are known to significantly increase Al exposure. These include specific
industrial and agriculture occupations, first-hand and second-hand smoking, and the use of recreational
drugs. such as heroin or cocaine. Furthermore, selected food products have been shown to have high
Al content, e.g., jellyfish, fried twisted cruller, or microalgal supplements if Al compounds were used
to harvest the biomass [29–31]. Al is known to be poorly absorbed in the gastrointestinal tract at levels
of 0.1–1.0% of the oral dose, and in healthy subjects, most of the absorbed pool is readily excreted from
the body in the urine. However, some factors, such as consumption of citric acid in the form of fruit
juices, markedly increase Al absorption. Hence, under sustained exposure of the gastrointestinal tract,
or/and under certain conditions, particularly renal failure, increased Al accumulation in the body can
occur. This effect is particularly noticeable in the central nervous system [32].

Some additional factors, such as excessive consumption of ethanol, have been suggested to
increase Al bioavailability due to increased permeability of the intestinal mucosa [33]. However,
experimental studies have shown that silicon (Si) may be protective against aluminum accumulation
in the brain [34,35]. It has been previously hypothesized that alcoholic amnesia and dementia may
also arise from increased Al exposures in individuals through the excessive consumption of ethanol
beverages [33] and that Al accumulation may be regulated by Si availability. Thus, the aim of the
present study is to compare Al and Si content in different regions of the brain of individuals with alcohol
use disorder (AUD) and in control subjects and to assess whether levels of these two elements in the
brain and liver reveal any association. To the best of our knowledge, this is the first, albeit preliminary
study to demonstrate that AUD patients may face increased Al accumulation in their brains.

2. Results

2.1. Demographic Characteristic

The studied AUD and control group consisted of 31 and 32 subjects, respectively. Their demographic
data are summarized in Table 1.
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Table 1. Demographic characteristic of studied subjects enrolled in this study.

Parameter Control (n = 32) AUD (n = 31) p-Value

Age [years] (mean ± SD) 49.4 ± 19.5 47.9 ± 13.1 0.74
Sex [n/%]

Female 12 (37.5%) 8 (25.8%)
0.32Male 20 (62.5%) 23 (74. 2)

Weight [kg] (mean ± SD) 79.4 ± 21.3 77.9 ± 15.7 0.82
BMI [kg/m2] (mean ± SD) 26.7 ± 5.6 26.8 ± 6.2 0.65

2.2. Al Content

The total (mean ± SD) content of Al in the brain of the AUD subjects was 1.59 ± 1.19 mg/kg.
Al was identified in every studied area, albeit at levels decreasing in the following order: FTH > ILF >
INS > SLF > ACC > CA > HPC > PCG > NAc > PFC. All control samples displayed Al content below
detection limits. The Al levels in the liver displayed no significant difference between AUD and control
subjects (Table 2).

Table 2. Content of Al in alcohol use disorder (AUD) (n = 31) and control (n = 32) subjects in different
brain structures and in the liver (mg/kg).

% < LOD N > LOD Mean ± SD Median Min Max CV p-Value

PFC
AUD 54.8 14 0.49 0.44 0.27 0.01 1.4 0.20

-
Control 96.9 1 - - - - - -

PCG
AUD 45.1 17 0.95 1.5 0.46 0.04 6.6 2.4

-
Control 96.9 1 - - - - - -

ACC
AUD 41.9 18 1.0 1.3 0.54 0.03 5.0. 1.8

-
Control 100 0 - - - - - -

HPC
AUD 67.7 10 0.98 0.59 0.98 0.08 1.9 0.34

-
Control 96.9 1 - - - - - -

CA
AUD 54.8 14 0.99 1.5 0.39 0.04 5.7 2.2

-
Control 96.9 1 - - - - - -

FTH
AUD 51.6 15 4.0 12.7 0.31 0.04 49.7 161.

-
Control 96.9 1 - - - - - -

SLF
AUD 58.1 13 1.1 2.3 0.21 0.01 8.3 5.3

-
Control 96.9 1 - - - - - -

ILF
AUD 51.6 15 3.5 9.7 0.41 0.02 37.4 93.5

-
Control 93.7 2 - - - - - -

NAc
AUD 71.0 9 0.65 0.79 0.30 0.05 2.4 0.63

-
Control 90.6 3 - - - - - -

INS
AUD 74. 8 2.4 4.1 0.40 0.05 12.1 16.8

-
Control 100 0 - - - - - -

Liver
AUD 51.6 15 1.5 3.0 0.42 0.02 12.0 9.0

0.173
Control 81.2 16 0.31 0.22 0.30 0.06 0.92 0.09

A number of significant, mostly positive correlations in Al content in various brain regions of
the AUD subjects were identified. INS content was, however, negatively correlated with PFC and ILF.
Additionally, the liver levels of Al revealed a positive correlation with that found in PFC, PCG, FTH,
SLF, and ILF (Table 3).
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Table 3. Spearman correlation coefficient for Al content in various brain structures and the liver of
AUD subjects. Asterisks indicate p < 0.05 analysis of Al concentration. Correlation coefficients marked
with * are significant at p < 0.05.

Al-PFC Al-PCG Al-ACC Al-HPC Al-CA Al-FTH Al-SLF Al-ILF Al-liver Al-NAc Al-INS

Al-PCG 0.43 *

Al-ACC 0.283 0.574 *

Al-HPC −0.049 0.269 0.071

Al-CA 0.627 * 0.291 0.340 0.021

Al-FTH 0.393 * 0.339 0.167 0.084 0.561 *

Al-SLF 0.265 0.585 * 0.178 0.233 0.068 0.505 *

Al-ILF 0.529 * 0.419 * 0.402 * −0.323 0.526 * 0.238 0.073

Al-liver 0.406 * 0.632 * 0.277 0.239 0.349 0.421 * 0.556 * 0.511 *

Al-NAc −0.194 0.185 −0.106 0.377 * 0.087 −0.013 0.257 −0.146 0.083

Al-INS −0.414 * 0.155 −0.032 0.403 * −0.158 −0.118 0.124 −0.417* −0.024 0.655 *

2.3. Si Content

Si was identified above detection limits at varying frequency in all brain regions of both AUD and
control subjects at total mean ± SD content of 32.1 ± 11.3 and 5.6 ± 2.6 mg/kg, respectively (p < 0.001,
Mann-Whitney U test). In both groups, Si levels displayed high variance of observed levels. In AUD
subjects, Si mean content decreased in the following order: FTH > INS > ACC > CA > PCG > SLF >
NAc > HPC > ILF > PFC, while in control, a strikingly different order was observed: PFC > SLF >
ACC > PCG > HPC > NAc > FTH > INS > CA > ILF. However, the only significant difference in Si
content between the AUD and the control group was found for FTH. Liver content of Si did not differ
between groups (Table 4).

Table 4. Content of Si in AUD (n = 31) and control (n = 32) subjects in different brain structures and in
the liver (mg/kg).

% < LOD N > LOD Mean ± SD Median Min Max CV p-Value

AUD 35.5 20 13.5 37.9 2.5 0.02 171. 1439.
PFC Control 43.7 18 11.6 1.5 30.2 0.03 125. 911. 0.474

AUD 12.9 27 31.1 73.1 4.4 0.02 367. 5351.
PCG Control 53.1 15 5.9 3.1 9.9 0.11 39.8 97.5 0.164

AUD 9.7 28 40.8 129. 3.9 0.12 683. 16738.
ACC Control 65.6 11 6.5 1.8 8.1 0.12 20.2 65.1 0.326

AUD 41.9 18 25.9 47.2 3.8 0.37 183. 2231.
HPC Control 50.0 16 5.2 1.8 7.3 0.13 26.8 54.1 0.076

AUD 25.8 23 34.9 94.1 2.4 0.12 436. 8856.
CA Control 56.2 14 3.2 1.5 6.2 0.11 24.2 38.7 0.094

AUD 25.8 23 51.1 151. 3.4 0.03 532. 22698.
FTH Control 50.0 16 3.7 1.0 6.5 0.02 23.6 42.1 0.020

AUD 29..0 22 27..0 53..7 4..2 0..13 225.. 2880..
SLF Control 68..7 10 8.0.. 2..8 10..5 0..19 32..9 111.. 0..887

AUD 29..0 22 22.0 43..9 5..8 0..04 192.. 1931..
ILF Control 56.250 14 2.5 2.2 2.4 0.06 9.7 5.7 0..149

AUD 41.9 18 26.1 80.8 1.8 0.02 341. 6526.
NAc Control 53.1 15 5.0. 2.3 6.7 0.24 19.0 45.1 0.759

AUD 41.9 18 50.0 127. 4.5 0.12 506. 16264.
INS Control 40.6 19 3.6 1.62 4.9 0.09 17.1 24.2 0.149

AUD 12.9 27 31.3 115. 2.6 0.14 598. 13322.
Liver Control 18.7 26 6.0 1.9 17.3 0.07 89.2 299.9 0.096

A number of significant correlations in Si content in various brain areas were identified in the
AUD group. Additionally, Si levels in the PFC, PCG, ACC, CA, and FTH were positively correlated
with that found in the liver (Table 5).
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Table 5. Spearman correlation coefficient for Si content in various brain structures of AUD subjects and
in their liver. Asterisks indicate p < 0.05.

Si-PFC Si-PCG Si-ACC Si-HPC Si-CA Si-FTH Si-SLF Si-ILF Si-liver Si-NAc Si-INS

Si-ACC 0.150

Si-HPC 0.285 0.788 *

Si-CA −0.338 −0.036 −0.043

Si-FTH 0.316 0.632 * 0.717 * −0.040

Si-SLF 0.167 0.429 * 0.457 * −0.008 0.640 *

Si-ILF −0.088 0.464 * 0.315 0.104 0.274 0.506 *

Si-liver 0.467 * 0.624 * 0.742 * −0.078 0.694 * 0.422 * 0.289

Si-NAc 0.208 0.244 0.266 −0.043 0.393 * 0.405 * 0.530 * 0.385 *

Si-INS −0.579 * −0.104 −0.145 0.180 0.022 0.032 0.026 −0.302 −0.066

Si-ACC −0.490 * 0.095 0.024 0.288 −0.034 0.222 0.378 * −0.164 0.184 0.581 *

Total Si 0.067 0.767 * 0.706 * 0.158 0.691 * 0.615 * 0.656 * 0.525 * 0.507 * 0.038 0.333

In the control group, Si content in all brain areas was significantly and positively intercorrelated.
A similar observation was made for Al content in the liver, and that found in every studied brain
area (Table 3). The conducted analysis revealed the existence of a series of (22) positive, statistically
significant r-Spearman correlation coefficients, attesting to the existence of a positive correlation.
The highest value of the correlation coefficient was observed in the correlation between the amount
of silicon in the Si-PCG and the Si-ACC. In the liver, four statistically significant positive correlation
coefficients were noted—with the Si-CA, Si-FTH, Si-SLF, and Si-ILF (Table 6).

Table 6. Spearman correlation coefficient for Al content in various brain structures and the liver of
AUD subjects. Asterisks indicate p < 0.05.

Si-PFC Si-PCG Si-ACC Si-HPC Si-CA Si-FTH Si-SLF Si- ILF Si-liver Si-NAc Si-INS

Si-PCG 0.719 *

Si-ACC 0.405 * 0.538 *

Si-HPC 0.632 * 0.647 * 0.510 *

Si-CA 0.733 * 0.824 * 0.611 * 0.758 *

Si-FTH 0.553 * 0.510 * 0.350 * 0.421 * 0.556 *

Si-SLF 0.385 * 0.370 * 0.283 0.261 0.422 * 0.608 *

Si-ILF 0.470 * 0.623 * 0.431 * 0.521 * 0.705 * 0.447 * 0.584 *

Si-liver 0.590 * 0.515 * 0.249 0.288 0.457 * 0.364 * 0.452 * 0.494 *

Si-NAc 0.669 * 0.693 * 0.515 * 0.489 * 0.661 * 0.642 * 0.573 * 0.599 * 0.512 *

Si-INS 0.502 * 0.673 * 0.542 * 0.569 * 0.648 * 0.426 * 0.332 0.613 * 0.396 * 0.507 *

Total Si 0.762 * 0.781 * 0.488 * 0.681 * 0.767 * 0.763 * 0.618 * 0.678 * 0.502 * 0.783 * 0.717 *

There were also two statistically significant, negative correlation coefficients seen, indicating the
existence of a negative correlation between the amount of silicon in the Si-PFC and Si-NAc and Si-INS.
Likewise, a number of correlations in Si content in various areas were identified in the control group.

2.4. Association Between Al and Si Content

Several significant positive correlations between Al and Si content in the different brain regions of
AUD subjects were identified (Table 7). Inter-region correlations were found for ACC, HPC, and ILF.
The liver content of both elements was also found to be significantly associated.
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Table 7. Spearman correlation coefficient calculated for Al and Si content in different brain regions of
AUD subjects.

AUD Group

Si
Al

PFC PCG ACC HPC CA FTH SLF ILF NAc INS Liver

PFC 0.379 −0.055 0.437 −0.200 −0.013 −0.163 0.033 0.720 0.485 −0.800 0.045

PCG 0.608 0.267 0.541 0.672 0.235 −0.207 −0.219 0.349 0.200 −0.214 0.050

ACC 0.582 0.094 0.581 0.783 0.379 −0.019 −0.097 0.460 0.238 −0.107 0.274

HPC 0.381 −0.063 0.783 0.666 −0.006 0.233 −0.133 −0.187 −0.095 0.285 0.230

CA 0.604 0.191 0.438 0.500 0.481 −0.157 −0.090 0.661 0.714 0.250 0.225

FTH 0.836 0.142 0.287 0.607 −0.063 0.461 0.200 −0.081 −0.371 0.600 0.482

SLF 0.054 0.217 0.100 −0.116 −0.172 0.327 0.296 0.524 −0.500 0.750 0.112

ILF 0.223 0.279 0.502 0.321 0.167 −0.159 −0.466 0.560 0.392 −0.085 0.055

NAc 0.000 0.154 −0.218 −0.095 −0.023 −0.200 0.533 −0.023 −0.100 0.035 0.761

INS 0.485 0.442 0.600 0.428 0.428 0.333 0.714 0.285 −0.404 0.595 0.216

Liver 0.293 0.342 −0.007 0.309 −0.188 0.138 0.216 0.132 −0.190 0.142 0.678

3. Discussion

This is the first study to demonstrate that Al content is significantly increased in the brains of
AUD subjects. Considering that Al has been implicated in neurodegenerative processes, this appears
to be a clinically relevant observation. As noted previously, chronic Al exposure can cause the
accumulation of AβP, impair spatial learning memory and induce conformational changes to proteins
related to neurodegeneration. These include tau, PHF-tau, synuclein, amylin, ABri, microglobulin,
and APP [36–41]. A recent study reported brain Al levels of subjects suffering from Alzheimer’s
disease and multiple sclerosis, the content of which is in excess of 10 and 50 mg/kg, respectively [11].
The present study found that compared to control, mean brain content of Al in AUD subjects was by
order of magnitude higher and exceeded 7 mg/kg.

Studies on animal models have demonstrated the neurotoxicity of chronic exposure to low doses
of aluminum. This causes brain aging acceleration through the induction of inflammatory processes,
such as an increase in inflammatory cytokines and amyloid precursor proteins, as well as enhanced
glial activation. There are several theories explaining the toxicity of aluminum in relation to the brain
tissue. It is suggested that its insoluble complexes stimulate the activation of glial cells and magnify
the activity of macrophages. These effects were confirmed by studies in rats in which deposits of
the element within the striatum and associated renal gliosis were observed [42]. Within the striatum,
excessive proliferation of astrocytes and microglia was found in patients with chronic renal failure
who had used aluminum gels [43]. Abou-Donia’s research also suggests the direct toxicity of the
element to the brain tissue. Such conclusions were drawn while treating dialysis encephalopathy with
deferoxamine [44]. In a study conducted by Petrik et al. on a mouse model where aluminum-containing
adjuvants were injected, inflammation and loss of cells within the motor cortex and spinal cord were
detected, and memory deficits were described [45]. Symptoms of encephalopathy have also been
observed among aluminum industry workers [46]. Moreover, progressive cognitive dysfunction,
as well as ataxia, dysarthria, and seizures, have been noted among people taking drugs through the
intravenous route caused by the preparation of a methadone solution in an aluminum dish [47].

During the consumption of water containing elevated concentrations of this element, significant
deficits in cognitive functions were detected among the population [48]. This was confirmed also in
the animal model, where behavioral disorders [49], as well as changes in cognitive and morphological
functions in the central nervous system, were demonstrated [50].
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Memory impairment due to aluminum poisoning was first described in 1921. This was subsequently
confirmed by Rondeau et al., who in a 15-year cohort study, demonstrated that daily intake of high
doses of aluminum correlates with an increased risk of cognitive decline and dementia. Herein,
Al intake brought about the death of neurons and glial cells, and, consequently, deficits in spatial
memory, emotional deficits, and impaired memory and learning processes [51].

There are many papers reporting an increased risk of developing Alzheimer’s disease by drinking
water with a high concentration of aluminum. McLachlan et al., in their study, showed that people
living in areas where the concentration of this element in water was above 100 μg/l have a higher risk
of suffering from Alzheimer’s disease [50], which was also confirmed by a study by Rondeau et al. [51].
A meta-analysis by Flaten [52], as well as a study carried out after 15 years on a large population,
confirmed the association of the development of Alzheimer’s disease with high aluminum content in
drinking water [51].

Increased Al content in AUD subjects leads to the hypothesis that this metal could plausibly add to
neurodegeneration processes involved in alcoholic amnesia and dementia in subjects over-consuming
ethanol. This could partially be due to increased absorption of Al in the gastrointestinal tract due to
altered permeability of intestinal mucosa [33] and/or its increased retention because of renal failure,
both of which have been observed in AUD subjects [53]. One should further note that various alcoholic
beverages can contain detectable content of Al. Herein, the highest values are found in red and
white wine [54] by way of its binding to tartaric acid and other organic acids that can increase the
bioavailability of the element [55]. As suggested by some authors, Al content in wine should not
exceed 0.5 mg/L. Increased Al content was also found in beers stored in aluminum cans [56]. It is thus
plausible that increased Al accumulation in the brain of AUD subjects results from ethanol-induced
binge intake, as well as from general elevated oral exposures to this metal.

In addition, the present study also investigated brain Si content.
Silicic acid has not been found to interfere with organic molecules in biological systems. However,

it is able to react with Al3+ (at pH ≥ 5). As found, there was no statistically significant difference in
Si content in brain regions between AUD and control subjects, with the exception of FTH. Previous
research has shown that AUD subjects display positive inter-region correlations between Al and Si
levels in ILF, HPC, and ACC. It remains unknown whether Si may immobilize Al in these areas or alter
its toxicity—these hypotheses require further exploration in experimental models. Silicic acid has not
been found to interfere with organic molecules in biological systems. However, it is able to react with
Al3+ (at pH ≥ 5).

The daily intake of Al is about 20mg, and silicon absorption has been evaluated at 20–50 mg.
Water and other drinks can provide 19% of daily intake [36].

Using an Atlantic salmon model, Exley et al. were the first to suggest the protective effect of silicon
in Al. As demonstrated, fish exposed to water with high Al concentration and low Si concentration
were observed to be intoxicated. Moreover, whole-body Al content was assessed as being higher
in those fishes [57]. And some additional studies report that the greater amount of absorbed Al
was of a temporary situation, some Al was permanently stored in tissue. This resulted in a delay
before excretion [58]. The preliminary work by Belia and Roberts claims that an increased intake
of silicic acid can mobilize Al and decrease the tissue storage concentration [59]. Moreover, studies
conducted by Desouky et al. in which the accumulation of Al in snail cells was investigated, revealed
co-accumulation of Si, even without exogenous Si supplementation [60].

Although silicic acid was noted to reduce Al uptake in the intestine [61], there are several different
routes of Al uptake—dermal, olfactory and respiratory. White et al. report that Si-Al interactions
occur within the tissues in vivo [62]. They also concluded that, in spite of normalization of Al levels
after nine days, there were no behavioral improvements at day 15, which suggest long-term Al effects
on nervous tissue. Currently, there are no known mechanisms of Si transportation into the tissue,
however, because of the small dimensions of Si(OH)4 and its neutral charge it is possible for silicic
acid to enter into the cells through passive diffusion. Moreover, chronic alcohol consumption causes
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changes in cytoskeletal and tight junction assembly, thus the dysfunction of blood-brain barrier and
increased porosity.

In our study, increased Si levels accompanied increased Al levels in three out of 10 analyzed brain
structures. Herein, the Si concentration levels were several times higher than Al levels. Of note, studies
report high Si concentration in beer [63], which may have protective properties in this group.

However, while these findings imply that AUD patients may be more prone to Al-induced toxic
effects in the brain, it should be underlined that the Al content was not explored here in the context of
neurodegenerative changes in brain regions or cognitive function impairment. This would require
experimental in vivo research and/or intravital neuroimaging of Al in the brain, neither of which has
been done. Moreover, the nature of Al and Si association in selected brain regions in AUD remains
unknown, and whether the latter may affect the activity of the former is purely speculative.

4. Material and Methods

4.1. Subjects

The research material consisted of brain and liver tissue samples taken from individuals reported
to the autopsies in the Department of Forensic Medicine at the Medical University of Lublin in Poland.
Samples were collected from 31 subjects (23 male, 8 female) with AUD, with inclusion criteria of
chronic alcohol abuse in their medical history, no history of mental disorders and alcohol level > 2%�
in blood confirmed at the time of the section. Samples were also collected from 31 control subjects
(21 male and 10 female). The inclusion criteria for this group were the absence of documented alcoholic
and neurodegenerative disorder history, macroscopically unaltered brain tissue, and blood alcohol
level of <2%� as confirmed at the time of the section. The competent prosecutor’s office consented to
the collection of tissues, and the study was approved by the Local Bioethical Committee of the Medical
University of Lublin (approval No. KE-0254/2018). In addition, the work described in this article has
been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration
of Helsinki) for experiments involving humans; Uniform Requirements for manuscripts submitted to
Biomedical journals.

4.2. Sample Tissue Collection and Procedure

Samples were collected by qualified pathologists in accordance with the analytical protocol.
In order to prevent contamination of the tissue sample, all materials in contact with the samples were
previously decontaminated with 5% (v/v) suprapure nitric acid solution and thoroughly washed with
ultrapure water (Milli-Q, Millipore, Raleigh, NC, USA, resistivity 18.2 MΩ·cm).

After removing the brain from the cranium, the excess of the blood was thoroughly washed with
ultrapure water. Meninges were removed with plastic tweezers, and the brain tissue was washed
again with ultrapure water to minimize samples contamination with blood or cerebrospinal fluid.

For analysis, 0.5 g of tissue samples were harvested in ten anatomical locations using disinfected
plastic knives. Ten areas of the brain were selected: frontal cortex (Broadmann area no. 11, PFC),
postcentral gyrus (Broadmann area no. 1, PCG), dorsal anterior cingular cortex (Broadmann area no.
32, ACC), the foot of the hippocampus (HPC), the head of the caudate nucleus (CA), the frontal part of
the thalamus (FTH), superior longitudinal fasciculus (SLF), inferior longitudinal fasciculus (ILF) and
the nucleus accumbens (NAc), frontal part of the insula (INS).

Additionally, liver samples were collected by dissecting 0.5 g from the 6th segment. All tissue
samples were thoroughly rinsed with deionized water and drained on sterile blotting paper. All of the
collected samples were weighed. The tissue sample was then put into sterile polypropylene containers
(Bionovo), and, afterwards, the initial decay of the organic matrix through the use of 2 mL of 65%
suprapure HNO3 was performed. The mass loss of the samples was limited, and samples were digested
directly after sampling without preliminary drying.
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In the last stage of the experiment, each sample was quantitatively transferred to close Teflon
containers and digested at 180 ◦C utilizing the microwave digestion system Mars 6 (CEM, Matthews,
NC, USA). After digestion, samples were diluted with water to meet a total volume of 10.0 mL using
scaled test-tubes.

4.3. Analytical Procedures

The inductively coupled plasma optical emission spectrometer Agilent 5110 ICP-OES (Agilent,
Santa Clara, CA, USA) was employed for Al and Si determination. The synchronous vertical dual
view (SVDV) of the plasma was accomplished by using dichroic spectral combiner (DSC) technology.
This allows axial and radial view analysis simultaneously. In doing so, radio frequency (RF) power was
1.2 kW, nebulizer gas flow—0.7 L min−1, auxiliary gas flow—1.0 L min−1, plasma gas flow—12.0 L
min−1, charge coupled device (CCD) temperature was −40 ◦C, viewing height for radial plasma
observation was 8 mm, while accusation time was 5 s. The analysis was repeated three times.
The following wavelengths were applied: Al—396.152 nm, Si—288.158 nm. ICP commercial analytical
standards (Romil, Cambridge, UK) were used for calibration. Detection limits were determined
through 3-sigma criteria and were on the level of 0.01 (mg/kg) wet weight (w/w) for all elements
determined. The uncertainty for the complete analytical process (including sample preparation) was at
the level of 20%. Traceability was assessed by comparison with reference materials. A recovery of
80–120% was considered acceptable for all the elements determined.

4.4. Statistical Analysis

All statistical analyses were performed with the use of Statistica v.13.3 (StatSoft Polska Sp. zo.o.,
Kraków, Poland). The assumption of Gaussian distribution was not met (p < 0.05, Shapiro-Wilk
test), thus non-parametric methods were then applied. Herein, differences between two and three
independent groups were assessed via the Mann-Whitney U test, Pearson’s chi2 and Kruskal-Wallis
ANOVA, respectively. The correlation between two variables was evaluated with Spearman Rs
coefficient. A p-value of s < 0.05 was considered to be statistically significant.

5. Conclusions

The present study demonstrated for the first time that AUD patients are characterized by
increased Al content in various brain regions, with the highest content identified in FTH, ILF, and INS.
Considering that Al has neurodegenerative potential, and cognitive impairments in alcoholics are
linked to ethanol-induced neurodegeneration and alcohol dependence, these findings appear to be
clinically relevant. Furthermore, we saw that AUD patients did not display significantly increased
levels of brain Si, an element previously postulated to have a protective role over toxicity expressed by
Al. Thus, an association between both elements in ACC, HPC, and ILF was observed—the nature of
these correlations remains, however, yet to be explored. Our findings are in favor of a hypothesis that
has been previously put forward that alcohol overuse may contribute to increased Al exposure and
that this element may potentially add to the neurodegenerative outcomes observed in AUD patients,
such as dementia. Further research is required to investigate the mechanisms of neurotoxicity of Al
under ethanol exposure and to explore whether Al accumulation can be decreased in AUD subjects.
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Abstract: This paper presents the results of determination of hazardous metal (Cd, Cu, Cr, Hg, Mn,
Ni, Pb, Zn) and metalloid (As, Sb) levels in toys available in the Polish market. Two independent
sample preparation methods were used to determine the concentration and content of the metals and
metalloids. The first one is defined by the guidelines of the EN-71 standard and undertook extraction
in 0.07 mol/L HCl. This method was used to conduct speciation analysis of Cr(III) and Cr(VI), as
well as for the determination of selected metals and metalloids. The second method conducted
mineralization in a HNO3 and H2O2 mixture using microwave energy to determine the content of
metals and metalloids. Determination of chromium forms was made using the high-performance
liquid chromatography inductively coupled plasma mass spectrometry (HPLC-ICP-MS) method,
while those of metals and metalloids were made using the ICP-MS technique. Additionally, in
order to determine total content of chromium in toys, an energy dispersive X-ray fluorescence
spectrometer (EDX) was used. The results of the analyses showed that Cr(VI) was not detected in the
toys. In general, the content of heavy metals and metalloids in the studied samples was below the
migration limit set by the norm EN-71.

Keywords: chromium speciation; hazardous elements; toys safety; migration; ICP-MS

1. Introduction

The amount of heavy metals in the environment is still increasing mainly due to anthropogenic
activities that include industrial processes, power engineering, communication development, and
the use of fertilizers and pesticides [1]. News about contamination of heavy metals in toy materials
continues to be alarming. Some of them like arsenic (As), chromium (Cr), mercury (Hg), lead (Pb),
selenium (Se), and zinc (Zn) are commonly used as coloring agents and catalysts to provide desired
softness, brightness, and flexibility [2–6]. The maximum levels of metal contamination should be
strictly regulated and kept at the lowest level that are technically feasible or are of no toxicological
concern because of the toxicity and effects of bioaccumulation. It causes a variety of diseases,
disorders, impairments, and organ malfunctions. This is important especially for children because
they are considered more susceptible to hazardous metal substances compared to adults; they have
higher basal metabolic rates, higher comparative uptakes of food, and lower toxins elimination rates.
Moreover, children’s organs or tissues are developing, and thus, more sensitive to perturbed cellular
processes [7–9]. Children typically spend a large amount of time playing with toys; toxic chemicals can
be transferred from contaminated surfaces or soil to the hand and then ingested via hand-to-mouth
activity. Threat of ingestion is common with children especially during the oral stage, which spans
from birth until the age of 6 [10–13]. For children less than six years old, object mouthing is a common
behavior and mouthing frequency and duration are especially high for infants (6–12 months) and
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toddlers (1–3 years). The knowledge of the total metal concentration in a solid sample is not sufficient
to predict metal reactivity and effects on human health; indeed, metals can be present in various
forms with different chemical properties and consequently different potential toxicity for humans [14].
One of the important elements is chromium, which has various oxidation states from II to VI [15].
Each of the forms presents different chemical properties and toxicity. The two most widespread
forms of chromium in the environment are Cr(III) and Cr(VI). The intermediate states Cr(II), Cr(IV),
and Cr(V) are unstable products in oxidation and reduction reactions of trivalent and hexavalent
chromium, respectively. In various physiochemical processes, the different forms of chromium might
undergo specific transformations, changing from one into another [16]. The inorganic trivalent form of
chromium (Cr(III)) is relatively nontoxic and is an essential element in mammalian diets, especially
in human beings [17,18]. It is a necessary microelement, which is involved in carbohydrate, lipid,
and protein metabolism. By contrast, at the cellular level, hexavalent chromium (Cr(VI)) is a highly
active carcinogen [19,20]. It can penetrate biological membranes and is recognized as a toxic substance.
The ability to diffuse through the cell membranes is possible due to structural similarity of CrO4

2− ion
to anions as SO4

2− or PO4
3−, which are transported by their respective ion exchange channels [16,21].

Cr(VI) could reduce the amount of mitochondrial DNA (mtDNA) and inhibit mitochondrial electron
transport chain complex I, resulting in perturbation of mitochondrial respiration and redox homeostasis.
Human oral exposure to Cr(VI) produces hepatotoxicity and there is evidence that Cr(VI) accumulation
occurs by oral exposure route mostly in the liver, which is the largest detoxification organ. Moreover,
Cr(VI) may cause primary liver cancer and increase the risk of deterioration of cancer patients [7].
In Europe, toys must meet the criteria and requirements set by the European Commission Toys Safety
Directive to carry the CE (Conformité Européenne) mark. All European Union member states have
transposed this directive into law. The presence of Cr(VI) in toys sold in the European Union (EU)
is strictly limited by the Toy Safety Directive (2009/48/EC) which ensures the safety of children by
minimizing their exposure to potentially hazardous or toxic toy products, bearing in mind the young
children’s tendency to mouth objects [22–25]. Part 3 of the standard—EN71-3+A1:2014-12—entitled
“Migration of certain elements” subsequently outlines the migration limits of 18 elements from various
categories of toy products, to enable the testing of toys for its compliance with legal provisions [24–27].
Toy materials are divided into three categories:

I: Dry, brittle powder-like or pliable materials;
II: Liquid or sticky materials;
III: Coatings and scraped-off materials.

Chromium has separate migration limits for Cr(III) and Cr(VI), which are 9.4 and 0.005 mg/kg,
respectively [23]. Different analytical systems have been used for speciation analysis. The first
group consists of methods requiring pretreatment, which are UV–visible spectrophotometry, atomic
absorption spectrometry (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES),
and inductively coupled plasma mass spectrometry (ICP-MS). The other methods consists of
hyphenated techniques such as flow injection analyzer (FIA), coupling of liquid chromatography with
inductively coupled plasma mass spectrometry (LC-ICP-MS) with different separation modes, and
capillary electrophoresis (CE). The second group involves solid techniques such as X-ray photoelectron
spectroscopy (XPS), X-ray absorption near-edge spectroscopy (XANES), X-ray diffraction (XRD), and
low-energy-electron-induced X-ray spectroscopy (LLEIXS) [15]. As the chromium species content in
such samples is rather low, the coupling of liquid chromatography with inductively coupled plasma
mass spectrometry (HPLC–ICP-MS) is a most often used technique, which is based on the combination
of a separation method with an element-selective detection system [28]. Anion exchange columns and
columns, which have both anion and cation exchange capabilities, are especially used for chromium
speciation analysis [29]. High Performance Liquid Chromatography Inductively Coupled Plasma
Mass Spectrometry (HPLC-ICP-MS) is often used in analyses of different environmental matrices such
as natural water, soils, sediments, etc. [30]. In this study, for the first time, this technique was used
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to analyze samples of toys. The choice of this method is also justified by the fact that the ICP-MS
analytical technique is one of the most sensitive and robust techniques, which offers pronounced
advantages for its elemental specificity, wide linear dynamic range, and significantly low detection
limits [31]. This method is also one of the most powerful analytical techniques for the collection
of elemental information, offering LODs in the low- to sub-ng/L range for most elements. A wide
linear dynamic range, multielement capabilities, survivable spectra, and the possibility of high sample
throughput further characterizes this technique [30].

The objectives of this study are: (1) application of energy dispersive X-ray fluorescence
spectrometry to determine the total content of chromium in toys; (2) development of a method
for speciation analysis of chromium (III and VI) in toys; (3) determination of chromium, metals (Cd, Cu,
Hg, Mn, Ni, Pb, Zn), and metalloids (As, Sb) by ICP-MS in HCl extracts and after microwave-assisted
mineralization in HNO3/H2O2 mixture; and (4) assess the safety of toys particularly intended
for younger children based on the requirements contained in EN71-3 norm Part 3: Migration of
certain elements.

2. Results and Discussion

2.1. Application of Energy Dispersive X-ray Fluorescence Spectrometry to Determine Total Content of
Chromium in Toys

Despite the use of nondestructive methods that did not require any sample preparation and
measuring the toy material in different places and pieces several times, the results from the analysis
showed that chromium was not detected in any toy material in mg/kg levels. But the fact that the
chromium content was not found at such a level does not mean that it does not exist at all. The need to
confirm this assumption was the starting point for the speciation analysis of chromium.

2.2. Method Development for Speciation Analysis of Chromium

A series of standard solutions containing 5, 10, 20, 50, and 100 ng/L Cr(VI), and 10 times higher
concentrations of Cr(III) were prepared. The Cr species were completely resolved on anion exchange
Hamilton PRPX-100 250 mm × 4.1 mm (10 μm) column with retention times of 6.1 min for Cr(III) and
9.1 min for Cr(VI). Because of the column length and extended retention time, a different Bio WAX
nonporous 50 mm × 4.6 mm (5 μm) column was used. The Cr species were completely resolved with
retention times of 0.97 min for Cr(III) and 1.98 min for Cr(VI). For both methods, good separation
of standard solutions and of Cr(III) and Cr(VI) was obtained. Figure 1a,b presents the overlaid
chromatograms for HPLC-ICP-MS.

(a) 

Figure 1. Cont.
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(b  

Figure 1. (a) Overlaid chromatograms for HPLC-ICP-MS with the use of Hamilton PRPX-100 analytical
column. (b) Overlaid chromatograms for HPLC-ICP-MS with the use of Bio Wax analytical column.

Because of their shorter retention times for chromium, the Bio WAX column was selected for
testing real samples. The LOD values for Cr(III) were equal to 1.3 ng/g in solid sample and 2.6 ng/L
in solution, and for Cr(VI), 0.7 ng/g in solid sample and 1.4 ng/L in solution. However, in order to
avoid tailing the peak connected with the higher concentration of Cr(III) in toys, higher concentrations
of mix standard solutions containing: 10,000 ng/L Cr(III) and 1000 ng/L Cr(VI) were prepared and
analyzed. In order to maintain high concentrations of Cr(III), high concentrations of Cr(VI) were also
maintained, therefore peak resolution was satisfied.

2.3. Method Application for Toys’ Analysis

The newly developed method was applied to determine the concentration of Cr(III and VI) in toy
samples collected from several shops in Poznań city (Poland). Table 1 shows the results for samples
divided into individual colors and classified to two categories: cheap and expensive.
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Concentration of Cr(VI) was under LOD in each analyzed samples. This is probably because in
case of toys samples, as solid samples, the extraction process was applied. The acid used in the analysis
was diluted 0.07 mol/L hydrochloric acid, and this concentration was in line with the requirements
of the EN-71 norm. Such a low concentration was aimed simulating natural conditions, which could
occur if a child swallowed part of a toy. This low concentration of HCl was too low to extract the
analyzed form of chromium, which could have been retained in the toy material. Among the collected
samples, the least numbers were brown and violet—two samples each. The average concentration
of chromium(III) in brown samples was 108.8 ng/g and 187.0 ng/g in violet samples. Also, a small
group was made up of metallic samples in which the concentration of trivalent form of chromium
was significantly higher as expected than in other samples, and simultaneously was the one which
exceeded migration limits observed in the whole analysis. The average concentration of chromium(III)
in metallic samples was 2240 ng/g. One group of the collected samples were blue—15 samples,
green—15 samples, and yellow—20 samples. The average concentration of this form of chromium was
206.9 ng/g in blue samples, 464.6 ng/g in green samples, and 276.7 in yellow samples. The maximum
concentration of chromium(III) was observed in green sample and was equal to 2317 ng/g and in
yellow samples was equal 1096 ng/g. The minimum concentration of chromium(III) was noticed
in yellow samples and equaled 39.1 ng/g. Another group of samples consisted of ten samples
each of pink and red. The average value of concentration of the detected form of chromium was
251.6 ng/g for pink samples and 219.8 ng/g for red samples. The minimum concentration of trivalent
form of chromium was 87.6 ng/g in pink samples and 51.4 ng/g in red samples. However, the
maximum was 397.2 ng/g in pink samples and 375.5 in red samples. The next group were orange,
transparent, and white samples—six samples each. The average concentration of chromium(III) was
227.8 ng/g in orange samples, 154.3 ng/g in transparent samples, and 222.8 ng/g in white samples.
The minimum concentration of chromium(III) in orange samples was 199.5 ng/g, in transparent
samples was 102.4 ng/g, and in white samples was 52.9 ng/g. The maximum was 285 ng/g in orange
samples, 282.3 ng/g in transparent samples, and 443 ng/g in white samples. Higher concentrations of
chromium(III) were observed in black, green, and yellow parts of the toys, which can be connected
with the pigments and paints usually used in toy production processes.

2.4. Determination of Chromium, Metals, and Metalloid Concentrations in HCl Extracts by ICP-MS

In order to compare the results from speciation analysis, the concentration of chromium in the
extracts was measured by ICP-MS. The obtained results between both of the methods were comparable
and the differences between the results were under 5%, which indicates the correctness of the results.
High concentrations of chromium were noted for black, green, and yellow samples, the same as in
speciation analysis. Reviewing the data obtained by analysis of HCl extracts, which are presented
in Table 2, it may be stated that the higher concentration of element in black, brown, green, red,
transparent, white, yellow, and metallic samples was noted for zinc.
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The higher value of concentration of zinc was observed in green samples and was equal to
3066 ng/g. For blue and violet samples, the higher concentration was noted for copper and was equal
to 1163 ng/g for blue color and 776 ng/g for violet color. For the last group of samples, orange and
pink, the higher concentration was observed for nickel, which was equal to 421.5 ng/g for orange
samples and 1024 ng/g for pink samples.

2.5. Determination of Chromium, Metals, and Metalloids Concentrations in HCl Extracts by ICP-MS Versus
Total Content after Mineralization in HNO3/H2O2 Mixture

To complete the research, the determination of total content of chromium, metals (Cd, Cu, Hg,
Mn, Ni, Pb, Zn), and metalloids (As, Sb) after microwave-assisted mineralization in HNO3/H2O2

mixture were made. The obtained values of concentration, which are much higher than that of HCl
extracts, are related to the much greater elution strength of the HNO3/H2O2 mixture compared to the
migration solution used in the procedure described in the EN-71 standard involving the use of HCl.
This would mean that the metals and metalloids, which are contained in the toy material, are deeply
bonded with this material and do not pass into the diluted HCl environment after swallowing the piece
of the toy. These elements can be washed out only after using a stronger reagent such as a mixture of
HNO3/H2O2. Differences in efficiency of extraction of the metals and metalloids were dependent on
some factors like the type of metal, color of sample, and variety of toy material. Based on this result, it
may be stated that the degree of metal washing out of the toy material using dilute 0.07 mol/L HCl
was the highest for As, Cd, and Cu in pink samples; Cr, Hg, and Ni in black samples; Mn and Sb in
red samples; Pb in brown samples; and Zn in violet samples. While these results after mineralization
process indicate that the degree of metal washing out of the toy material was the highest for As, Cd, Cr,
Ni, and Pb for metallic samples; Cu in blue samples; Hg in pink and white samples; Mn in metallic and
black samples; Sb in metallic and blue samples, and Zn in brown samples. Procedures using a mixture
of HNO3/H2O2 allowed determination of total content of chosen metals and metalloids. The obtained
average content of elements in various colors of toys after ICP-MS analysis are presented in Table 3.
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The obtained results are very similar to HCl extracts, the highest content of was very much
present in the parts of toys made from metallic materials. The highest obtained values relate to As,
Mn, and also Ni. In the case of chromium, the higher content was observed in green and yellow
parts of the toys, also similar to speciation and HCl extract analyses. The highest concentrations of
zinc were noted for black, brown, green, orange, pink, red, transparent, white, and yellow samples.
The highest concentration was observed in yellow samples and was equal to 46.21 ng/g (excluding
metallic samples). Higher concentration of copper was noted in blue samples, similar to HCl extract
analysis. In violet samples, the higher concentration was noted for lead and was equal 722.8 ng/g.
Presence of metals like Cr, Cd, Mn, Pb, and Zn in toy material may be due to pigments or coloring
agents, which are usually added to toy materials during the production process. In addition, Mn is
usually used as main additives in paints and Pb as stabilizer to improve material properties and reduce
cost on plastic. Both Cd and Hg are also used as a stabilizing factor for PVC materials. Chromium
is an important dye used in PVC materials and as a heat stabilizer [32]. As mentioned, the higher
content of chromium was noted in black parts of toys. Black spinel-type chromium-nickel pigment
is inert with respect to alkali and acids and has good mechanical strength [33]. Higher content of
chromium was found also in yellow parts of the toys, which can be associated with yellow paints
containing common pigment, e.g., lead chromate [8]. Synthetically produced chrome is using in paints
and as material: vinyl, rubber, and paper. Higher content of chromium was noted also in green parts
of the toys. Green chromium(III) oxide is commonly used in the paint industry. In particular, it is
used to color paints, plastic, construction materials, refractories enamels, etc. [34]. Results obtained are
similar to previous reports employing other analytical techniques such as ICP-OES and ED-XRF; XRF
was used to determine migration limits of elements from different parts of the toy. Concentration of
elements in plastic parts of the toys was below the specified limits stated in the European Union Toy
Safety Directive [4,10]. Similar to studies on toy jewelry, metallic parts of the toys are more problematic
than other materials [12,13]. In particular, special attention should be payed to the risk for children
due to possible exceedance of migration limits. Similar to research conducted by high definition
X-ray fluorescence techniques, in most of the samples of this study high amounts of Zn and Cu and
other elements such as As, Cr, Mn, and Ni in smaller quantities were detected [2,6]. The smallest
quantity was observed for Hg in a previous study, which investigated heavy metal concentrations
in toys purchased from the Palestinian Market. This can be associated with the usage of mercury
as a catalyst in specific chemical reactions during plastic manufacturing in China [2]. Compared to
previous legislation on potentially harmful chemicals in children’s products, the migration limits of
elements are significantly lower [27,35]. Possible exceedances usually refer to cadmium and lead-like
factors commonly used as a stabilizer to prevent creating free chlorine radicals in materials made of
PVC and also to reduce the cost of plastic [6,8,36]. The differences in metal and metalloid content
in different toys and its parts are related with specificity of their compositions and differences in
manufacturing processes [9]. Compared to similar speciation analysis of chromium conducted on
dairy and cereal food samples, the results agree with those of this study. Trivalent chromium in yogurt
and cheese samples ranges approximately from <13 to 255 ng/g. Most studies suggested the absence
of hexavalent chromium in food samples like dairy and cereal products [37], chocolates, beverages,
vegetables, fruits, eggs, meat and sea products [38], and flour [39], similar to the results from toy
sample analyses obtained in this study.

3. Materials and Methods

3.1. Sample Collection

Toys were collected randomly from several convenience shops in urban areas in Poznań (Poland).
These were shops commonly visited by people, which offer different types of toys at various prices.
The samples were segregated into parts with different colors (black 3%, blue 17%, brown 2%, green
18%, metal 2%, orange 4%, pink 10%, red 10%, transparent 6%, violet 2%, white 6%, and yellow 20%).
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In addition, to answer the question of whether more expensive toys are safer for the health of our
children, a comparative analysis of the content of chromium in toys divided into cheap toys <5 € (34%)
and expensive >5 € (66%) was made. The division is presented on Figure 2.
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Figure 2. Samples divided into factors: colors and price.

3.2. Determination of Total Chromium Content by Energy Dispersive X-ray Fluorescence Spectrometry

In order to determine the total content of chromium in toys, energy dispersive X-ray fluorescence
spectrometer (EDX) was used. Each toy categorized based on color and price was irradiated with
X-rays from an X-ray tube after selecting the most appropriate irradiation diameter for the sample
shape. Due to the possible heterogeneity of the toy, each one was measured several times in different
parts of the toy. During analysis, a special filter for chromium was used to improve the sensitivity of
detection and reduce or eliminate factors such as background, characteristic lines, and other forms of
scattered radiation. The analytical conditions for EDX is presented in table (Table 4).

Table 4. Energy dispersive X-ray (EDX) analytical conditions.

Analytical Conditions

X-ray tube Rh target
Filter Filter #1 (for Cr)

Voltage Cr:30 kV
Current 5.22–6.22 keV

Atmosphere Air
Measurement Diameter 10 mm Φ

Measurement Time 100 s
Dead Time 30%

3.3. Method Development for Speciation Analysis of Chromium(III and VI) in Toys

3.3.1. Analytical System

An ICPMS-2030 mass spectrometer (Shimadzu, Japan) directly coupled with Prominence LC
20Ai inert system was used for Cr speciation. The inert system eliminates the possibility of the metal
background leaching from the components of the aperture. In addition, inert LC is the most suitable
for metal speciation analysis in which the lowest possible detection limit is required. The ICP-MS
operates at 1000 W with 9 L/min Ar plasma gas flow, 1 L/min nebulizer Ar gas flow, and 0.75 L/min
auxiliary Ar gas flow for Hamilton PRP X100 column and 0.70 L/min auxiliary Ar gas flow for BioWAX
column. The concentric (MicroMist) nebulizer with 1.0 L/min (carrier + make-up) argon gas flow was
used for nebulizing the HPLC eluate. The kinetic energy discrimination (KED) mode was used for
determination of chromium isotope 52.
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The sampling depth was 4.5 mm for Hamilton PRP X100 column and 5.0 mm for BioWAX
column. The inert LC is equipped with a binary pump LC 20Ai, a vacuum degasser (DGU
20A3R), an autosampler (SIL 20AC), a heated column compartment (CTO 20AC), and a controller
(CBM 20A)(Shimadzu, Kyoto, Japan). An anion exchange column, Agilent Bio WAX 5 μm
4.6 mm × 50 mm, 5 μm, PEEK guard (Agilent, Santa Clara, CA, USA), was used for resolving
of Cr species at ambient temperature. Polypropylene vials fitted with polypropylene vial caps were
used. Prior to use, the vials were cleaned with dilute nitric acid and thoroughly rinsed with ultrapure
deionized water (UPW) (Merck, Kenilworth, NJ, USA). Rubber, plastic, and even trace organic residues
can easily cause reduction of Cr species when the sample comes into contact with them. Liquid
Chromatography parameters are presented in Table 5.

Table 5. Basic Liquid Chromatogrpahy parameters for speciation analysis.

Column Hamilton PRP X100 BioWAX Non-Porous

Mobile Phase
60 mM NH4NO3, pH 7.0 ± 0.1 by

NH4OH
75 mM NH4NO3, Ph = 7.1 ± 0.1

by NH4OH

Mobile Phase Flow [mL/min] 1.0 0.8

Temperature 30 ◦C 30 ◦C

The Volume of the Dispensing
Valve Loop [μL]

350 200

3.3.2. Reagents and Standards

Ultrapure water (<0.005 μS) obtained from a Milli-Q Direct 8 purification unit (Millipore,
Burlington, MA, USA, Merck) was used to prepare all the solutions. Ammonium nitrate, potassium
dichromate, standard solution of Cr(III) and Cr(VI)—1000 mg/L (Merck, USA), Na-EDTA, diluted
hydrochloric acid, and ammonia (Sigma−Aldrich, St. Louis, MI, USA) to adjust the pH of the mobile
phase were used for the analysis. All standard solutions used for the calibration process were prepared
by volume dilution of Cr standard solution 1000 mg/L. To avoid contamination, all glassware and
storage bottles were kept in 10% (v/v) nitric acid for at least 48 h, rinsed three times with ultrapure
water, and preserved dried till use.

3.3.3. Sample Preparation

The procedure used HPLC-ICP-MS and followed EN71-3, which simulated gastric digestion as
would occur in the case when a child swallows toy material; this is presented in Figure 3.

Figure 3. The sample preparation procedure for chromium speciation analysis.
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The extraction (migration) solutions obtained were stabilized with EDTA and ammonia solution.
The addition of ammonia to neutralize the solution preserves the chromium species extracted from
toy materials for several hours with no species inter-conversion or loss by precipitation. Both Cr
species were preserved for at least 24 h after the sample preparation if the solution was neutralized
at pH = 7 ± 0.1. Calibration standards were also prepared by the same sample preparation method.
The guidelines of the EN71-3 define conditions that may make it difficult to prepare a sample properly.
The test portion of the sample should be not be less than 100 mg and shall have at least one dimension
of approximately 6 mm. Therefore, in element analysis, it was impossible to use metal tools to
fragment the samples. In this case, instead of a ball mill or metal scissors, a Teflon hammer and scissors
were used.

3.4. Determination of Concentration of Chromium, Metals, and Metalloids in HCl Extracts by ICP-MS

In order to check the correlation between concentration of chromium and other elements: As, Cd,
Cr, Cu, Hg, Mn, Ni, Pb, Sb, and Zn, ICP-MS analysis after extraction in 0.07 mol/L HCl was conducted.
The sample preparation procedure was the same as in Figure 2. The results of chromium determination
were compared with the data obtained from chromium speciation analysis.

3.5. Determination of Total Content of Chromium, Metals, and Metalloids after Microwave-Assisted
Mineralization in HNO3/H2O2

Every sample segregated based on color and price was solubilized by closed-vessel
microwave-assisted acid digestion in an Anton Paar Multiwave Pro microwave oven equipped
with 8NXF 100 rotor. A sample mass 100 ± 0.2 mg was directly weighted into the microwave oven
polytetrafluorethylene (PTFE) vessels. The attempt to extract a solid sample into a solution using
only HNO3 failed. Because of that, the digestion was continued further with 8 mL of high-purity
concentrated nitric acid (HNO3, 65%; Merck, USA) and 2 mL of high-purity hydrogen peroxide (H2O2,
30% v/v; TraceSELECT, Fluka, Seelze, Germany). This step significantly improved efficiency of this
process. Each sample was analyzed in triplicates. The total content of metals and metalloids was
determined using ICP-MS technique. The data obtained were compared with the results from HCl
extract analysis. The parameters of ICP-MS spectrometer for analysis of both type of extracts are
presented in Table 6.

Table 6. ICP-MS parameters for analysis of HCl and H2O2/HNO3 extracts.

Generator Power [W] 1200

Argon flow—plasma [L/min] 8.0
Argon flow—nebulizer [L/min] 1.1

Argon flow—auxiliary gas [L/min] 0.70
Nebulizer Concentric type, “micro”

Torch Concentric type, “mini”
Spray chamber temperature [◦C] 5.0

Collision gas—He [ml/min] 6.0
Voltage on octapole rods [V] −21

Energy filter [V] 7.0
Sampling deep [mm] 5.0

4. Conclusions

The EDX analytical technique for detection of chromium was conducted with special filters, which
allowed analysis at the level of mg/kg and did not require sample preparation. Despite using special
filters for chromium, improving the sensitivity of detection, and reducing or eliminating factors such
as background, characteristic lines, and other forms of scattered radiation, and measuring the toy
material several times from different parts of the toy, the obtained results showed the absence of
chromium in examined toy materials in the abovementioned levels. A method for speciation analysis
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of chromium was developed. The HPLC-ICP-MS hyphenated technique used allowed to obtain better
selectivity and sensitivity. The hexavalent form of chromium was not detected in toys which were
tested, which can be attributed to low elution strength of dilute HCl used in the procedure described in
the standard and retaining this form of chromium in the toy material. Based on the results, the higher
concentration of chromium(III) is in black, green, and yellow samples, but in none of the cases, the
migration limit for this form of element was exceeded. Determination of chromium, metal (Cd, Cu, Hg,
Mn, Ni, Pb, Zn), and metalloid (As, Sb) concentrations in HCl extracts by ICP-MS and of total content
after microwave-assisted mineralization in HNO3/H2O2 mixture were performed. The data obtained
for HCl extracts were comparable with results from speciation analysis, which suggest correctness of
the research. Simultaneously, it was observed that acid digestion had much higher elution strength
and had significantly higher concentration values of selected metals, and thus, made it possible to
determine the total content of elements. Obtained data also provides information about the potential
risk of exposure by being released by saliva during chewing, sweating during skin contact, or gastric
fluid after ingestion. Besides, the toy samples were bought only from Poznan city area, which may not
represent the whole country; however, most of them are available in stores with the same range of
products in various places in Poland or even in the whole world. Considering the division into the
price of toys, no significant differences in the content of the investigated metals and metalloids were
noticed. The contents of these metals were comparable with each other. Although the migration limits
of certain elements from the toy’s material to the environment were not detected above recommended
values in these studies, toy materials may still pose a possible risk for children by creating negative
health effects, particularly the metallic parts of the toys. This is because of the variety of the materials
and the heterogeneity of element composition in different parts of the toy. The second argument is the
possibility of bioaccumulation of heavy metals and metalloids from toys, which can happen due to
ingestion, inhalation, or dermal contact, and which can last through childhood during the long times
spent on playing and educating with toys.
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Abstract: Honeybees are major pollinators of agricultural crops and many other plants in natural
ecosystems alike. In recent years, managed honeybee colonies have decreased rapidly. The application
of pesticides is hypothesized to be an important route leading to colony loss. Herein, a quick, easy,
cheap, effective, rugged, and safe (QuEChERS) method was used to determine eight highly detectable
pesticides (carbendazim, prochloraz, pyrimethanil, fenpropathrin, chlorpyrifos, imidacloprid,
thiamethoxam, and acetamiprid) in rape flowers. A field experiment was conducted at the
recommended dose to evaluate the contact exposure risk posed to honeybees for 0–14 days after
treatment. The initial residue deposits of neonicotinoids and fungicides among these compounds
were 0.4–1.3 mg/kg and 11.7–32.3 mg/kg, respectively, and 6.4 mg/kg for fenpropathrin and
4.2 mg/kg for chlorpyrifos. The risk was quantified using the flower hazard quotient (FHQ) value.
According to the data, we considered imidacloprid, thiamethoxam, chlorpyrifos, fenpropathrin,
and prochloraz to pose an unacceptable risk to honeybees after spraying in fields, while fungicides
(carbendazim and pyrimethanil) and acetamiprid posed moderate or acceptable risks to honeybees.
Therefore, acetamiprid can be used instead of imidacloprid and thiamethoxam to protect rape from
some insects in agriculture, and the application of prochloraz should be reduced.

Keywords: pesticide; honeybee; risk; field

1. Introduction

The honeybee is a social insect species. It plays a major environmental role by providing necessary
ecosystem services, similar to bumblebees, solitary bees, moths, butterflies, beetles, and other insects [1].
As the most abundant pollinators globally, honeybees contribute an estimated €153 billion annually
to global agriculture [2]. However, in recent decades, managed honeybee colonies have decreased in
North America, Europe, and Asia-Pacific [3–9], known as colony collapse disorder (CCD). Presently,
honeybees are exposed to diverse stressors, including Varroa mites (Varroa destructor) and viruses [10],
pathogens [11], pesticides [12,13], habitats [14] and climate change [15].
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Sublethal doses of pesticides have been proven to disrupt memory, learning, navigation,
and foraging activities in honeybees, and affect their sensitivity to other stressors, particularly
increasing pathogen vulnerability [16–19]. Concern about the risk posed to bees by pesticides not
only includes the toxicity evaluation of plant protection products, but also accurate estimation of the
residue exposure levels from these products in the environment. With the development of analysis
technique, the quick, easy, cheap, effective, rugged, and safe (QuEChERS) approach and UPLC–MS/MS
have extensive application. Some complex matrices, such as soil [20], meat product [21] et al. were
extracted through the QuEChERS. The high sensitivity and selectivity have also been provided by
ultra-high-performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS) [22] and
gas chromatography–tandem mass spectrometry (GC–MS/MS) [23]. Meanwhile, a large number of
bee product was monitored in decade. For example, pesticides have been detected in pollen, beeswax,
and honeybee samples collected in Italy [24–26]. A survey conducted on apiaries in France found that
honeybees are exposed to multiple miscellaneous pesticides simultaneously from other honeybees,
pollen, bee bread, and beehives [27–32]. In Poland, 48 different pesticide residues have been found in
honeybees [33–35]. Also, other studies on the influence of 5 different pesticides on honeybees were
conducted in Poland [36]. China is a vast region with a complex climate that has a long history of
honeybee management. In rapeseed crops in China, eight pesticides, namely carbendazim, prochloraz,
pyrimethanil, fenpropathrin, chlorpyrifos, imidacloprid, thiamethoxam, and acetamiprid, have been
detected at high residue levels in pollen samples by UPLC–MS/MS [37]. Therefore, risk assessment
of these chemicals is increasingly important to protect pollinators from the adverse effects of plant
protection products (PPPs).

Risk assessments for honeybees typically consider only the acute toxicity of pesticides either
through topical or oral exposure for 24 or 48 h, ignoring the negative effects resulting from sustained
exposure to pesticide residues over longer periods. Some evaluations have paid attention to the
application rates of different chemicals to estimate a hazard quotient (HQ) [38]. In the case of
environmental risk assessments for honeybees, exposure assessments have been defined in general
terms. Toxicity data is combined with contact and dietary exposure, and calculated separately using
two approaches that are specific to different applications. Since 2010, individual studies have used
pesticide residues in a plant matrix (pollen, nectar, or the aerial part of the plant) to evaluate the toxicity
exposure ratio (TER) [39] or pollen hazard quotient (PHQ) [40]. As proposed in the European and
Mediterranean Plant Protection Organization (EPPO)’s document, ‘Environmental risk assessment
scheme for plant protection products Chapter 10: honeybees’, such residues to honeybees occur
through both contact with and ingestion of plant protection products. Two tiers of risk assessment are
included in this document, with the primary procedure evaluating the HQ or TER in the laboratory,
while field trials are proposed for a high tier risk assessment.

This study aims to assess the risk posed by some highly detectable pesticides, such as
carbendazim, prochloraz, pyrimethanil, fenpropathrin, chlorpyrifos, imidacloprid, thiamethoxam,
and acetamiprid [37] to honeybees following spraying in rape fields. After treatment on specific days,
it is necessary to evaluate the exposure risk of these compounds, which are widely used to protect crops
against aphids, Plutella xylostella (L.), Sclerotinia sclerotiorum (Lib.) de Bary, and Peronospora parasitica
(Pers.) Fr., to legitimately guide pesticide application and honeybee management. Pesticide residues
on rape flowers were used in the exposure to calculate the flower hazard quotient (FHQ) in order to
estimate the risk of contact with pollinators after pesticide spraying.
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2. Materials and Methods

2.1. Chemicals and Standards

A Milli-Q ultrapure water system manufactured by Millipore (Milford, UT, USA) was used
throughout experiments to provide the HPLC-grade water that was employed during analysis and
to hydrate the rape flower samples. Ultragradient HPLC-grade acetonitrile and methanol were
obtained from Tedia (Shanghai, China). Formic acid, acetic acid, anhydrous magnesium sulfate
(MgSO4), and sodium acetate (NaOAc) were supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). PSA (primary and secondary amine-bonded silica), C18 (octadecyl-bonded silica)
and GCB (graphitized carbon black) were purchased from Agilent Technologies (Santa Clara, CA, USA).

Reference standards of imidacloprid (purity, 98%), thiamethoxam (purity, 95%),
acetamiprid (purity, 95%), fenpropathrin (purity, 98.5%), chlorpyrifos (purity, 98%),
carbendazim (purity, 95%), prochloraz (purity, 98%) and pyrimethanil (purity, 95%) were
obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany).

Formulated pesticides of imidacloprid 10% wettable powder (WP), thiamethoxam 25%
water-dispersible granules (WDG), acetamiprid 20% WP, fenpropathrin 20% emulsifiable concentrate
(EC), chlorpyrifos 40% EC, carbendazim 80% WP, prochloraz 25% EC, and pyrimethanil 40%
suspension concentrate (SC) were purchased from the agricultural market located in Hefei,
Anhui, China.

2.2. Experimental Design and Sample Collection

Field experiments of each chemical were conducted using the same rape variety at the
Experimental Station of Anhui Agriculture University, Anhui, China, in accordance with good
agricultural practices (GAP). At each site, 3 m × 30 m rectangular plots spaced 1 m apart were
flagged at the corners. Three replicate plots were designated for each pesticide, in addition to an
untreated control plot. No mixtures were used on individual experimental plots. Spray application of
the chemicals was achieved using an automatic sprayer at the recommended dose (shown in Tables 1–3)
during rape flowering. The formulated compounds were dissolved in water, with 900 L/ha of water
used for application. Rape flower samples were collected from five stochastically assigned subsections
in each plot and combined into a plastic bag for each replicate. Flower sampling from each control
was repeated 0, 1, 3, 5, 7, 10, and 14 days after spraying. The information of meteorology was listed in
Table 4. All the samples were frozen immediately and stored at −20 ◦C until extraction for residue
determination (up to 15 days). The storage stability tests were conducted before the sample analysis,
and the results proved that the degradation rate of all the target compounds storing in −20 ◦C was
lower than 5% entirely.

Table 1. Residues of neonicotinoids in rape flowers.

Days after
Treatment

Untreated
Control

Residue Levels of the Neonicotinoids (ng/g) ± SD

Thiamethoxam
(30 g a.i./ha) ME (29%)

Imidacloprid
(60 g a.i./ha) ME (75%)

Acetamiprid
(60 g a.i./ha) ME (−5%)

Residue
Degradation
Rate (%)

Residue
Degradation
Rate (%)

Residue
Degradation
Rate (%)

0 day ND 375.0 ± 35.5 - 1006.0 ± 150.3 - 1259.0 ± 108.2 -
1 day ND 315.3 ± 45.3 15.9 390.0 ± 57.5 61.2 1099.7 ± 170.4 12.7
3 day ND 108.7 ± 3.1 71.0 78.7 ± 1.5 92.2 394.3 ± 8.6 68.7
5 day ND 78.7 ± 7.2 79.0 68.3 ± 3.1 93.2 337.7 ± 29.3 73.2
7 day ND 18.7 ± 2.5 95.0 11.3 ± 1.2 98.9 87.3 ± 5.5 93.1
10 day ND 9.3 ± 1.2 97.5 ND - 27.3 ± 1.5 97.8
14 day ND 8.0 ± 1.0 97.9 ND - 10.3 ± 0.6 98.7

DT50 day - 2.3 1.2 1.9
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Table 2. Residues of chlorpyrifos and fenpropathrin in rape flowers.

Days after
Treatment

Untreated
Control

Residue Levels of Insecticides (ng/g) ± SD

Chlorpyrifos (360 g a.i./ha)
ME (22%)

Fenpropathrin (60 g a.i./ha)
ME (−8%)

Residue
Degradation Rate

(%)
Residue

Degradation Rate
(%)

0 day ND 4249 ± 821.1 - 6409 ± 656.6 -
1 day ND 1755 ± 441.6 58.7 4824.± 778.7 24.7
3 day ND 386.3 ± 14.3 90.9 1646 ± 129.5 74.3
5 day ND 160.7 ± 15.6 96.2 1159 ± 246.0 81.9
7 day ND 98.3 ± 14.0 97.7 412.0 ± 66.8 93.6

10 day ND 57.3 ± 4.9 98.7 179.0 ± 21.1 97.2
14 day ND 38.7 ± 5.5 99.1 58.7 ± 11.5 99.1

DT50 day - 2.1 2.0

Table 3. Residues of the fungicides in rape flowers.

Days after
Treatment

Untreated
Control

Residue Levels of the Fungicides (ng/g) ± SD

Carbendazim
(1500 g a.i./ha) ME (50%)

Pyrimethanil
(360 g a.i./ha) ME (−34%)

Prochloraz
(181.5 g a.i./ha) ME (−20%)

Residue
Degradation
Rate (%)

Residue
Degradation
Rate (%)

Residue
Degradation
Rate (%)

0 day ND 32,299 ± 583.0 - 16,222 ± 573.7 - 11,684 ± 167.0 -
1 day ND 25,316 ± 878.0 21.6 93,089 ± 724.9 42.6 4891 ± 150.3 58.1
3 day ND 11,478 ± 814.5 64.5 1155 ± 104.4 92.9 471.7 ± 58.1 96.0
5 day ND 8713 ± 564.2 73.0 374.3 ± 23.6 97.7 100.3 ± 4.7 99.1
7 day ND 6196 ± 498.3 80.8 195.7 ± 2.1 98.8 57.3 ± 0.6 99.5
10 day ND 1908 ± 477.6 94.1 50.3 ± 3.2 99.7 11.3 ± 2.9 99.9
14 day ND 153.3 ± 17.9 99.5 9.3 ± 1.5 99.9 ND -

DT50 day 2.0 1.3 1.0

Table 4. The information of meteorology during the trial days.

Days after Treatment 0 Day 1 Day 3 Day 5 Day 7 Day 10 Day 14 Day

Data 27 March 28 March 30 March 1 April 3 April 6 April 10 April

Season Spring

Weather Sunny Sunny Cloudy Rain Cloudy Cloudy Sunny
Rainfall - - - 4 mm - - -

Temperature 24 ◦C 25 ◦C 22 ◦C 22 ◦C 21 ◦C 25 ◦C 26 ◦C

2.3. Sample Preparation

Rape flower samples were grated with liquid nitrogen and 2 g of the sample were weighed
into a 50 mL polypropylene centrifuge tube. Ultrapure water (3 mL) was then added and the tube
was shaken for 30 s to hydrate the sample. Next, 0.1 N acetic acid in acetonitrile (10 mL) and glass
beads (2 g) were added and the samples were vortexed for 2 min at room temperature, followed by
freezing for 10 min at −20 ◦C in a freezer. MgSO4 (0.5 g) and NaOAc (2 g) were then added and the
tube was shaken vigorously for 60 s and centrifuged for 5 min at 3800 rpm. A 5 mL aliquot of the
supernatant (acetonitrile phase) was transferred to a 15-mL centrifuge tube containing the QuEChERS
(Quick, Easy, Cheap, Effective, Rugged, and Safe) salt kit (1.25 g; PSA:C18:MgSO4:GCB, 1:1:3:0.15
(w/w/w/w)). After mixing well, the mixture was again centrifuged at 3800 rpm for 5 min, and 2.5 mL
of the acetonitrile phase was transferred to a glass tube. The supernatant was then evaporated to
dryness under a gentle stream of nitrogen at 30 ◦C. The dry residue was dissolved in methanol (0.5 mL,
HPLC grade), filtered through a 0.22 μm filter membrane, and introduced into an autosampler vial for
UPLC–MS/MS analysis.
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2.4. Chemical Analysis

A Waters Acquity ultra-performance liquid chromatography system (Waters, Milford, MA, USA)
equipped with a binary pump and Acquity EBH (ethylene bridged hybrid) C18 column (1.7 μm i.d.,
2.1 mm × 100 mm particle size) was used for liquid chromatography. Components were separated
using Milli-Q water/methanol (98:2) + 0.05 N formic acid (solvent A) and methanol + 0.05 N formic
acid (solvent B) at 40 ◦C. Separation was performed with a flow rate of 0.45 mL/min starting with a
mobile phase of 5% B in A at the injection time, which was then rapidly increased to 100% B over 0.25
min and then held at 100% mobile phase B until 8.5 min. Finally, the mobile phase was switched to 5%
B in A at 8.51 min and held until 10 min to re-equilibrate the column. The injection volume was 3 μL
and the total analytical time was 10 min.

A Waters Xevo TQ triple quadrupole mass spectrometer (Waters, Milford, MA, USA) equipped
with an electrospray ionization (ESI) source and conducted in positive electrospray ionization mode
was used for mass spectrometry detection. The ESI source temperature was 150 ◦C. The gas flow rates
of the cone and desolvation gases were 50 and 900 L/h. The desolvation temperature was 500 ◦C.
Helium was used as the collision gas with a flow rate of 0.15 mL/min. The mass spectrometer was
operated in multiple reaction monitoring (MRM) mode to monitor two precursor ion transitions for
each pesticide. The target ion transition with the highest response (primary ion transition) was used
for quantification and the second target ion transition was used for confirmation [41]. Confirmation
was provided through a product ion scan (PIC) of each peak, which adapted to a reference spectrum
for each analysis. The quantification and confirmation calculations were calculated using Target Lynx
4.1 software (Waters Corp., Milford, MA, USA) implemented by the apparatus. Other MS settings
used in this experiment, including ion transitions, cone voltages, collision energies, and dwell times,
are shown in Table S1.

2.5. Preparation of Standard Solutions

All standard stock solutions (1000 ng/mL) were prepared in acetonitrile, and further diluted
to prepare working standards. Calibration standards (1–100 ng/mL) were prepared by diluting the
working standards. Standards with concentrations in the range 1–100 ng/mL were prepared for
spiking blank rape flowers. Matrix-matched standards were prepared by adding the pesticides to
the blank sample. Blank sample (1 mL) extract was evaporated to dryness under nitrogen, and the
required calibration standard (1 mL) was added to prepare matrix-matched standards of the required
concentrations (1–100 ng/mL).

2.6. Data Analysis

The limit of detection (LOD) was determined as the minimum concentration detectable for all
target chemicals based on a signal-to-noise (S/N) ratio of 3, while the limit of quantification (LOQ)
was set as a S/N ratio of 10 [42].

Matrix effects (ME) were calculated from the slopes of calibration curves in the matrix and solvent
for each determination using Equation (1).

ME(%) =

((
Slope o f calibration on curve in matrix
Slope o f calibration on curve in solvent

)
− 1

)
× 100 (1)

To evaluate the risk posed to honeybees by highly detectable pesticides, we used distinct new
approaches to assess oral exposure. For exposure through the uptake of pollen or honey from the
flower, the oral LD50s shown in Table S2 were used to calculate the daily oral flower hazard quotient
(FHQdo) for honeybees exposed to 1 g of contaminated flowers per day [43].

FHQdo =
PEC(ng/g)× MCL(g)

oralLD50(ng/bee)
(2)
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Using Equation (2), the FHQdo was calculated from the oral exposure dose (equal to the predicted
exposure concentration (PEC) multiplied by the maximum contact level (MCL)) and the acute oral
LD50 for adult bees. When the FHQdo value was lower than 0.1, the risk was considered acceptable,
while values between 0.1 and 1 indicated moderate risks, and values greater than 1 indicated an
unacceptable risk.

3. Results and Discussion

3.1. Method Validation

The LOD and LOQ were calculated from the regression data shown in Table S3. The LODs ranged
from 0.0088 to 0.1064 ng/mL. Calibration curves, including the zero point, were constructed using the
blank rape flower matrix spiked at six different concentration levels in the range 1–100 ng/mL after
the extraction step. This calibration could reduce the impact of matrix effects in the electrospray source,
such as ion enhancement or suppression. The linear region, observed throughout the concentration
range studied depending on the chemicals, is shown in Table S3. Good linearity was observed in all
cases, with correlation coefficients (R2) better than 0.9902, which assumed the quantitative analysis of
pesticide residues in rape flower.

During MS analysis, quantification was subject to strong matrix effects (ME) that could severely
reduce or promote the response of the chemical. Therefore, the ME of each compound is described in
Table 1. Among the eight pesticides, unacceptable matrix effects were observed in the range of −34%
to 75%. To reduce matrix effects, we prepared analytical curves in the matrix.

Recovery studies of the eight pesticides were performed in rape flower samples at three spiked
levels of 5, 50, and 500 ng/g. The accuracy and precision of the analytical method were evaluated using
these studies. The recoveries and relative standard deviation (RSD) are listed in Table 5. Recoveries
obtained for all chemicals ranged from 78.9% to 115.2%, with all pesticides within the satisfactory range
of 70–120%. The RSD value was included in RSDr and RSDR, which calculated using the standard
deviation of the recovery on the same day and the three separate days, respectively. In this experiment,
the RSDr values ranged from 1.2% to 10.6%. Meanwhile, the RSDR values ranged from 3.0% to 11.2%.

Table 5. Recoveries, relative standard deviations (RSDs), and matrix effects (MEs) of eight pesticide
compounds in rape flowers.

Compound ME

Spiked
Level
(ng/g)

Intra-Day (n = 5)
(Inter-Day)

(n = 15) RSDR

(%)

Day 1 Day 2 Day 3

Recovery
(%)

RSDr

(%)
Recovery

(%)
RSDr

(%)
Recovery

(%)
RSDr

(%)

Carbendazim 50
5 95.6 4.7 88.9 3.9 90.5 6.9 5.2
50 88.4 3.6 78.9 2.2 92.6 6.5 4.1
500 97.6 3.2 88.5 5.7 91.8 6.2 5.0

Thiamethoxam 29
5 100.5 1.2 97.6 5.0 95.3 4.6 3.6
50 94.3 4.8 95.3 4.2 92.8 4.0 3.0
500 97.1 2.4 93.2 2.8 115.2 6.1 3.8

Imidacloprid 75
5 95.7 4.2 88.4 9.7 90.6 6.3 4.7
50 88.4 1.2 93.4 2.3 93.7 5.6 3.0
500 96.5 2.9 93.2 5.2 95.6 4.9 4.3

Acetamiprid −5
5 100.1 4.6 95.6 4.9 93.2 6.1 5.2
50 91.2 2.1 105.2 5.6 92.9 4.8 4.2
500 98.0 5.6 94.2 4.2 89.9 5.9 5.2

Pyrimethanil −34
5 88.9 3.6 94.2 3.8 89.5 8.9 5.4
50 89.7 4.2 91.3 4.9 90.8 5.4 4.8
500 90.8 5.2 96.5 3.1 92.7 5.6 3.0
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Table 5. Cont.

Compound ME

Spiked
Level
(ng/g)

Intra-Day (n = 5)
(Inter-Day)

(n = 15) RSDR

(%)

Day 1 Day 2 Day 3

Recovery
(%)

RSDr

(%)
Recovery

(%)
RSDr

(%)
Recovery

(%)
RSDr

(%)

Procholraz −20
5 95.7 4.2 88.4 3.7 90.6 6.3 4.7
50 88.4 1.2 93.4 2.3 93.7 5.6 3.0
500 96.5 2.9 93.2 5.2 95.6 4.9 4.3

Chlorpyrifos 22
5 100.1 4.6 95.6 4.9 93.2 6.1 11.2
50 91.2 2.1 95.2 5.6 92.9 4.8 4.2
500 98.0 10.6 94.2 4.2 89.9 5.9 5.2

Fenpropathrin −8
5 92.3 4.8 99.2 4.5 91.2 6.2 5.2
50 89.6 2.5 92.5 3.7 91.8 6.5 4.2
500 95.2 6.6 94.6 2.5 88.3 5.4 4.8

3.2. Residues of Highly Detectable Pesticides on Rape Flowers

As shown in Table 1, the average initial residue deposits of the neonicotinoids were 370.0,
1006.0, and 1259.0 ng/g from treatments with thiamethoxam, imidacloprid, and acetamiprid at the
recommended doses, respectively. On day 1 after treatment, 12.7–15.9% of the neonicotinoids residues
had dissipated from the rape flower, which increased to 93.1–95.0% by day 7, with the exception
of imidacloprid, which showed substantial degradation (61.2%) on day 1. Imidacloprid residues
dissipated fast in the initial stages. On day 5 after application, more than 70% of the residues had
dissipated from both treatments, which increased to about 95% by day 10. On day 10, the residue
levels of imidacloprid were below the LOQ. The dissipation trend of the neonicotinoids is described in
Figure 1.

Figure 1. Residue dissipation of the Neonicotinoids on rape flower.

As shown in Table 2, the average initial residue deposits of chlorpyrifos and fenpropathrin were
4249 ng/g and 6409 ng/g, respectively, after treatment at the recommended doses. On day 1 after
treatment, 24.7% of fenpropathrin residues had dissipated from the rape flower, which increased
to 93.6% by day 7. In contrast, 58.7% of chlorpyrifos residues had dissipated from the rape flower
by day 1, which increased to 90.9% by day 3. On day 14, the residue levels of chlorpyrifos and
fenpropathrin were 38.7 ng/g and 58.7 ng/g. The dissipation trends of chlorpyrifos and fenpropathrin
are described in Figure 2, showing that the degradation rate of chlorpyrifos was much faster than that
of fenpropathrin.

203



Molecules 2018, 23, 2482

Figure 2. Residue dissipation of chlorpyrifos and fenpropathrin on rape flower.

As shown in Table 3, the average initial residue deposits of the fungicides were 32,299 ng/g,
16,222 ng/g, and 11,684 ng/g from treatments with carbendazim, pyrimethanil, and prochloraz,
respectively, at the recommended doses. On day 1, 42.6–58.1% of the fungicide residues had dissipated
from the rape flowers, which increased to 92.9–96.0% by day 3, with the exception of carbendazim,
which showed relatively little degradation (21.8%) after day 1. Pyrimethanil and prochloraz residues
dissipated rapidly during the initial stages. On day 5 after application, more than 70% of carbendazim
residues had dissipated, which increased to about 90% by day 10. On day 10, the prochloraz residue
level was below the LOQ. The dissipation trend of the fungicides is described in Figure 3, showing
that the degradation rate of carbendazim was much slower than those of pyrimethanil and prochloraz.

Figure 3. Residue dissipation of the Fungicides on rape flower.

3.3. Risk Assessment

To understand the risks posed to honeybees by the application of highly detectable pesticides,
FHQdo values (shown in Table 6) were calculated using Equation (1), as shown in the ‘Data analysis’
section. Risks were classed as acceptable, moderate, and unacceptable.

Among the neonicotinoids, the risk was unacceptable for all, except acetamiprid, up to day 14
after treatment. Meanwhile, imidacloprid retained the most harmful oral exposure risk. The oral risk
posed by acetamiprid was much lower than those of imidacloprid and thiamethoxam, and classed as
acceptable. In Jiang’s research, imidacloprid and thiamethoxam have been detected and respectively
ranged from 1.61 to 64.58 ng/g and ND (not detected) to 31.52 ng/g in cotton pollen after seed
treatment [22]. It almost seemed that the neonicotinoids residue level of spray treatment is higher than
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seed treatment. Meanwhile, the risk to honeybees was unacceptable equally. Chlorpyrifos also carried
an unacceptable risk level until day 3 after spraying, after which the risk decreased to moderate until
day 14. Through data analysis, we considered the insecticides, comprising imidacloprid, thiamethoxam,
and chlorpyrifos, to have a high oral exposure risk when used for aphid treatment, with the exception
of acetamiprid. Therefore, when using plant protection products to prevent aphids on flowering rape,
honeybee management could be achieved using acetamiprid instead of imidacloprid, thiamethoxam,
and chlorpyrifos.

Fenpropathrin is a major chemical used to protect flowering rape against insects such as Plutella
xylostella (L.) [44]. On the spraying day, the FHQ value reached 128.18, and remained at an unacceptable
exposure risk level for honeybees until day 14 after treatment. Therefore, honeybee management will
be improved at least 14 days after spraying with fenpropathrin.

Plant diseases, such as Sclerotinia sclerotiorum (Lib.) de Bary and Peronospora parasitica (Pers.) Fr,
are a primary cause of oilseed rape destruction during growth. To prevent such diseases, a large
number of fungicides, including carbendazim, pyrimethanil, and prochloraz, are widely used in
agriculture. As shown in Table 5, the fungicides posed lower risks, with the exception of prochloraz,
for which the unacceptable risk to honeybees was sustained until day 5 after treatment, and became
acceptable after day 10. As the recommended dose of carbendazim was large, a moderate risk to
honeybees remained until day 7 after treatment. For pyrimethanil, a moderate risk to honeybees was
present on day 1 after treatment. Although the fungicides, including carbendazim and pyrimethanil,
were found to pose only moderate risks to honeybees when sprayed in rape fields, recent studies have
shown that fungicides have a negative effect on honeybee colonies [45]. This effect is probably due to
the synergistic toxic effects that certain fungicides, specifically azoles and prochloraz, have on insects
such as honeybees [46].

Table 6. Risk level of eight pesticides following spraying in a rape field.

Days after
Treatment

Oral Flower Hazard Quotient (FHQdo)

Thiamethoxam Imidacloprid Acetamiprid Chlorpyrifos Fenpropathrin Carbendazim Pyrimethanil Prochloraz

0 day 75.02 773.78 0.09 17.71 128.18 0.65 0.32 116.80
1 day 63.15 300.21 0.08 7.31 96.48 0.51 0.19 48.91
3 day 21.76 60.76 - 1.61 32.91 0.23 0.02 4.72
5 day 15.42 52.49 - 0.67 23.19 0.17 - 1.03
7 day 3.72 8.74 - 0.41 8.24 0.12 - 0.57

10 day 1.91 3.61 - 0.24 3.58 0.04 - 0.11
14 day 1.62 2.38 - 0.16 1.17 - - 0.02

4. Conclusions

The degradation rates of pesticide residues of eight highly detectable chemicals sprayed
in an oilseed rape field were generally rapid. However, some high toxicity insecticides,
including imidacloprid, thiamethoxam, chlorpyrifos, and fenpropathrin, posed unacceptable oral
exposure risks to honeybees. The three fungicides assessed posed moderate risks to honeybees,
with the exception of prochloraz, which produced an unacceptable risk more than five days after
treatment. This showed that the logical application of pesticides is integral to honeybee management.
In the future work, we have designed to determinate pesticide residues in other crop species, and risk
assessment on honeybee larva would be investigated combining more toxicology data.

Supplementary Materials: The following are available online, Table S1: Ion transitions used for quantification
(MRM1) and confirmation (MRM2), and dwell time, cone voltage, and collision energy for mass spectrometry
settings for different pesticide compounds, Table S2: Chemical structure, and acute oral and contact LD50 values
of pesticide compounds in honeybees, Table S3: Limits of determination and quantification (LOD and LOQ),
and linear ranges, linear regression equations, and linearities of the method for different pesticide compounds.
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