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Abbreviations:
AAS - atomic absorption spectrometry technique, CRM - certified reference material, 
ET AAS - electrothermal atomisation atomic absorption spectrometry, EIs - elemental impurities, IARC - International Agency for Research on Cancer; ICH Q3D - International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use, PDE - permitted daily exposure, SD - standard deviation, US EPA - the United States Environmental Protection Agency, WHO - World Health Organisation.

Introduction
The elemental impurities (EIs) in pharmaceutical products must be considered in a safety assessment of the product appropriate for their intended route of administration. This problem is important, but there is a dearth of information around these products in the public domain literature. There are a number of potential sources of elemental impurities including herb and plant materials used in the manufacturing process, residual catalysts, metal reagent residues or impurities through interactions with processing equipment. Since EIs do not provide any therapeutic benefit to the patient, their levels in the pharmaceuticals should be controlled and monitored [1]. Moreover, EIs must be identified, and determined in comparison to maximum acceptable levels to which a patient should be exposed. Given this, studies around monitoring and control of these impurities in pharmaceuticals are very important and present a challenge in modern toxicological analysis.
Whilst EI’s from residual catalysts, metal reagent residues or impurities through interactions with processing equipment are monitored, EIs from plant ingredients are not a frequent subject of analysis. An interesting example of pharmaceuticals in which the real and important source of EIs is that of the plant materials used in teething remedies for infants - especially pharmaceutical herbal products [2]. Undoubtedly, the teething gels are the most popular teething remedies available in pharmacies [3]. Among the many metals constituting impurities in teething gels, especially nickel (Ni) and chromium (Cr) present an intriguing challenge.
Nickel is nutritionally not essential for humans [1]. Additionally, humans generally become sensitized to this element after prolonged contact with the skin [4]. Moreover, an oral challenge to a single dose of Ni administered in drinking water can induce dermatitis in nickel- sensitized individuals [4]. 
[bookmark: _Hlk534025063]On the other hand, Cr is a very problematic element due to the number of it’s oxidation states, especially Cr(III) and also Cr(VI). It should be emphasized that currently, this element can only be considered pharmacologically active and not an essential element [5]. Cr(III) is the most abundant form in environment, and is an essential element that plays a role in glucose metabolism. Cr(III) deficiency causes changes in the metabolism of glucose and lipids and may be associated with maturity - onset diabetes, cardiovascular diseases, and nervous system disorders [6]. On the other hand, soluble Cr(III) compounds are moderately toxic, rodent LD50 values being 100-400 mg/kg bw. In turn, Cr(VI) compounds are man-made and do not occur naturally in the environment. It should be noted that Cr(VI) has been shown to be genotoxic (animal studies via inhalation), and human epidemiological studies have shown Cr(VI) to be carcinogenic in the respiratory tract [6,7]. However, there is no clear evidence of carcinogenicity where chromium has been tested in rats via the oral route. Moreover, there are some evidences that Cr(VI) is reduced to Cr(III) in the gastrointestinal tract, and so only intakes that exceed the reducing capacity of the stomach will result in significant absorption of Cr(VI) across the gastrointestinal mucosa [7]. On the other hand, a portion of Cr(VI) evades the reductive detoxification and reaches target tissues [8]. It should be noted that any amount of Cr(VI) entering cells has the potential to initiate tumor formation [8]. Hence, Cr(VI) levels in drinking water must be set at levels that protect the entire population (it is important especially for infants) and they should be based on the Cr(VI) and not total Cr [8]. However, in most cases, Cr(III) and Cr(VI) residues in pharmaceuticals are usually measured as total Cr level. On the other hand, Directive 2006/141/EC, on infant and follow-on formulae, does not set minimum and maximum levels for this element [9].
The aim of this article was determination of Ni and Cr as EIs at trace level in pharmaceutical herbal products for teething available in pharmacies in Poland. This article is continuation of our previously studies about determination of heavy metals (Pb and Cd) in this same samples [10]. This study included five of the most available and popular teething gels in Poland based on consultations with pharmacists and paediatricians. The Ni and Cr content of samples were determined by atomic absorption spectrometry using electrothermal atomisation (ET AAS) after microwave-assisted wet digestion with concentrated nitric acid. To the best of our knowledge, the Ni and Cr levels in pharmaceutical herbal products for teething is reported here for the first time.

Materials and Methods
Chemicals and Reagents
All solutions were prepared with ultrapure demineralised water that had been obtained by Milli-Q water purification system (Millipore, Bedford, MA, USA). Concentrated (65%) nitric acid for microwave digestion were of spectroscopic grade from Merck (Darmstadt, Germany). The purge gas was argon at purity 99.99%. The certified reference material (Corn Flour, INCT-CF-3) was purchased from the Institute of Nuclear Chemistry and Technology - Department of Analytical Chemistry (Warsaw, Poland). 
[bookmark: _Hlk534032787]Working solutions of Ni and Cr were prepared from the stock solutions of 1000 μg/mL 
(1 mg/mL) using ultrapure demineralised water in 0.5 mol/L nitric acid: nickel(II) nitrate and chromium(III) nitrate. Five working solutions with a concentration of 0.0; 12.5; 20.0; 50.0 and 100.0 µg/L were prepared and used for the analytical calibration.

Sample Collection and Pretreatment 
The five teething gel containing herbs used in this study were purchased from Polish pharmacies in Malopolska region (Kraków and Niepołomice). The justifications of choice were availability and popularity of these products. All investigated pharmaceutical are currently recommended by paediatricians. At the beginning of sample preparation, all products were coded (as A, B, C, D, and E) to maintain appropriate sample tracking. The detailed information about the declared ingredients in the analysed teething gels tested in this study are described in Supplementary Material 1.
[bookmark: _Hlk534026523]Before analysis each teething gel was homogenised. Because all of the teething gels had an aluminium lid which could be a potential source of EIs, the first few centimetres of each gel from the tube was discarded. Of each teething gel, 0.3 g was measured, poured into Teflon vessels and digested with 5.0 mL of concentrated nitric acid (HNO3, 63%). The closed vessels were microwaved after two hours. The samples were digested using microwave digestion system (CEM, Matthews, NC, USA). The detailed information about digestion procedure are described briefly in Supplementary Material 2. The samples were later cooled at room temperature (25 °C), and the final volume was made to 20 mL using ultrapure demineralised water. The cooled samples were stored in plastic bottles as stock sample solutions until analysis. Five replications were and kept done for all samples to increase the precision of the result.

[bookmark: _Hlk534020723]Samples Analysis
[bookmark: _Hlk534020107]The determination of Ni and Cr in the pharmaceutical samples was carried out using a Perkin-Elmer 5100 ZL atomic absorption spectrometer (Perkin-Elmer, Norwalk, CT, USA) with Zeeman background correction and with electrothermal atomization (ET AAS technique). The time-temperature program in the graphite furnace atomic absorption spectrometer for Ni and Cr determination is detailed described in Supplementary Material 3. The emission source were hollow-cathode lamps for nickel (228.8 nm, 5 mA) and chromium (357.9 nm, 8 mA). Analytical quality control was performed using certified reference material (Corn Flour, INCT-CF-3): for Ni: 0.383 mg/kg certified value, and 0.386 mg/kg measured value; for Cr: 0.137 mg/kg certified value, and 0.134 mg/kg measured value. The recoveries were 100.8% and 98% for Ni and Cr respectively. The recoveries were calculated as the quotient of the determined level and the known amount of the determined element expressed as a percentage. The LODs for the metals were 1.93 μg/L for Ni, and 1.65 μg/L for Cr. The LOQs for the metals were 5.79 μg/L for Ni, and 4.95 μg/L for Cr. Calibration functions for all metals indicated good correlation coefficients (R) greater than 0.998 (RNi = 0.9985; 
RCr = 0.9991). This implies that there was good linearity of instrumental response with metal concentrations. Moreover, the quality control and validation of applied methodology are confirmed by previously described studies using the same methodology and apparatus [10-11]. Five replications were performed for each sample. Data were analysed using Educational Analysis Set SAS® 9 licenced by the Jagiellonian University in Krakow. The mean and RSD were calculated. 




Results and Discussion
[bookmark: _Hlk532414667]Level of Ni and Cr Impurities in Pharmaceutical Samples 
The concentrations of Ni and Cr impurities in all samples are shown in Table 1 as an average and %RSD.

Table 1. The levels of Ni and Cr in the analysed teething gels (µg·kg-1).

Ni and Cr were present in all of the products. It should be noted that Ni levels were approximately ten times higher (mean = 68.01 µg/kg) than Cr levels (mean = 6.99 µg/kg). The highest level of Ni was in sample D (115.02 ± 3.22 µg/kg) and the lowest level was in sample C (25.09 ± 2.25 µg/kg). 
It should be noted that Ni is genotoxic but not mutagenic. When considering all forms of Ni, the IARC (International Agency for Research on Cancer) classified Ni as a human carcinogen (Group 1) [12]. Ingestion of large levels of Ni may cause stomach pain, depression of body weight and adverse effects on blood and kidneys [1]. Humans generally become sensitized to this metal after prolonged contact with the skin. A single oral challenge of Ni administered in drinking water can induce dermatitis in Ni sensitized individuals [4]. Based on permitted concentrations for Ni impurities in pharmaceutical products (oral concentration) recommended by directive ICH Q3D (20 µg/g (20 mg/kg [1]), all of the samples analysed in this study meet the guidelines.
On the other hand, sources of Cr impurities in pharmaceuticals may include colorants, leaching from equipment or container closure systems, and catalysts [1]. Except when it is used as a catalyst, intake of Cr from pharmaceuticals will be in the form of metallic Cr - Cr(0) or Cr(III) rather than the more toxic Cr(VI); therefore, for drug products, the safety assessment is based on the known toxicity of Cr(III) and Cr(VI). However, since AAS does not take into account the phenomenon of speciation, consideration of levels of each Cr form is not possible. Hence, considering acceptable limits for impurities including all Cr forms in pharmaceuticals via the oral route, recommended by directive ICH Q3D (1100 µg/g (1100 mg/kg [1]), all of teething gels (see Table 1) meet the guidelines.

Level of Ni and Cr Impurities Including One-Time Administration of Teething Gels
[bookmark: _Hlk513558716]Level of Ni and Cr impurities including one-time administration of teething gels are needed for the assessment of these metals’ exposure in one-time administration of applied pharmaceuticals. Based on the manufacturer’s information, the teething gels as a pea-sized drop should be applied to the painful area with a clean finger. The average mass of one drop was measured as approximately 0.15 g of each gel. The obtained results of Ni and Cr impurities considering the one-time administration of teething gels are shown in Table 2. 

[bookmark: _Hlk531295393]Table 2. The level of Ni and Cr to which the patient is exposed for one-time administration of the teething gels (ng/0.15 g).

Daily Intake of Metals
[bookmark: _Hlk531295524]Considering the information in the leaflet for each product, the frequency of application should be no more than six times per day – especially after meals and before falling asleep. The daily exposure of Ni and Cr from teething gels is shown in Table 3.

[bookmark: _Hlk521097367]Table 3. The daily exposure of Ni and Cr from teething gels (ng/day).

The daily exposure of nickel is variable (22.58 – 103.52 ng/day). In turn, the daily exposure of chromium is relatively constant between gels (3.99 – 7.94 ng/day). 
Based on a report published by the US EPA (the United States Environmental Protection Agency), the daily intake of nickel ranges from 100-300 µg/day [13]. However, the oral permitted daily exposure (PDE) for this element is 220 µg/day. All analysed samples in this study result in a dose below the PDE (Table 3). Additionally, considering the PDE for chromium based on ICH Q3D [1], i.e. 10700 µg/day, all of the result are below the PDE (see Table 3). 

Conclusions and Recommendations
The levels of investigated MIs in all of the teething gels analysed in this study are very low. The level of analysed metals considering one-time administration of teething gels is also very low, hence is not a threat for infants. The daily exposure of Ni and Cr meet the standards of directive ICH Q3D. It can be concluded that none of the investigated gels in our study represents a health hazard for infants. Pharmaceutical herbal products for teething from Polish pharmacies are safe for infants. 
However, a broader study considering other EIs (especially As, Hg) in pharmaceutical herbal products in Polish market will be valuable as our previously published about chosen heavy metals (Pb and Cd) [10] or wider studies about toxic metals in commonly used pharmaceutical herbal products for infants like studies recently described by Alhusban et al. [14].
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Table 1. The levels of Ni and Cr in the analysed teething gels.
	Sample
	level, µg/kg

	
	Ni
	Cr

	No.
	Code
	Mean
	%RSD
	Mean
	%RSD

	1.
	A
	71.32
	3.22
	8.32
	1.02

	2.
	B
	78.85
	2.89
	8.82
	1.33

	3.
	C
	25.09
	1.25
	5.04
	097

	4.
	D
	115.02
	4.21
	4.44
	1.24

	5.
	E
	49.75
	2.05
	8.35
	1.43



Abbreviations:
%RSD – relative standard deviation

Table 2. The level of Ni and Cr to which the patient is exposed for one-time administration of the teething gels (ng/0.15 g).
	Sample
	concentration, ng/0.15 g

	
	Ni
	Cr

	No.
	Code
	Mean
	Mean

	1.
	A
	10.69
	1.25

	2.
	B
	11.83
	1.32

	3.
	C
	3.77
	0.76

	4.
	D
	17.25
	0.67

	5.
	E
	7.46
	1.25




Table 3. The daily exposure of Ni and Cr from teething gels (ng/day).

	Sample
	daily exposure, ng/day

	
	Ni
	Cr

	No.
	Code
	Mean
	Mean

	1.
	A
	64.12
	7.49

	2.
	B
	70.97
	7.94

	3.
	C
	22.58
	4.54

	4.
	D
	103.52
	3.99

	5.
	E
	44.78
	7.52




Supplementary Material 1.
The declared ingredients in the five teething gels tested in this study.

Sample A
water (aqua), glycerin, carbomer, triethanolamine, alcohol, Althea officinalis root extract, Anthemis nobilis flower extract, carrageenan, Crocus sativus flower extract, methylparaben, sodium benzoate, sodium methylparaben, sodium saccharin, sodium propylparaben.

Sample B
Chamomilla recutita, lidocaini hydrochloridum, Thymus vulgaris

Sample C
valerian rootstock extract, Chamomile extract, propolis extract

Sample D
water, polyvinylpyrrolidone (PVP), maltodextrin, propylene glycol, peg-40 hydrogenated castor oil, Aloe barbadensis, xanthan gum, flavor, potassium sorbate, sodium benzoate, disodium EDTA, sodium hyaluronate, xylitol, cetylpyridinium chloride, glycyrrhizic acid, Crocus sativus flower extract

Sample E
aqua, sorbitol, propylene glycol, Chamomilla recutita flower extract, Salvia officinalis leaf extract, carbomer, panthenol, peg-60 hydrogenated castor oil, sodium hydroxide, alcohol, dichlorobenzyl, sodium saccharin, disodium EDTA, potassium acesulfame, aroma, 2-bromo-2-nitropropane-1,3-diol, ammonium glycyrrhizate

Supplementary Material 2.
A microwave-assisted digestion procedure. 
	
	Step 1
	Step 2
	Step 3
	Step 4
	Step 5

	Power, W
	80
	100
	100
	0
	0

	PSI
	80
	100
	150
	20
	20

	Time, minutes
	6:00
	6:30
	7:00
	5:00
	5:00

	TAP, minutes
	2:00
	5:00
	5:00
	0
	0

	Fan power, %
	100
	100
	100
	100
	100


Abbreviations: PSI – pounds-force per square inch; TAP – time at pressure min.

Supplementary Material 3.
Time-temperature program in the graphite furnace atomic absorption spectrometer for Ni and Cr determination
	Ni determination
	Step
	Temperature, °C
	Ramp, s
	Hold, s
	Gas Flow, mL/min

	
	1
	110
	1
	50
	250

	
	2
	700
	10
	20
	250

	
	3
	2350
	0
	5
	0/read

	
	4
	2400
	1
	3
	250

	
	5
	110
	1
	10
	250

	Cr determination
	Step
	Temperature, °C
	Ramp, s
	Hold, s
	Gas Flow, mL/min

	
	1
	110
	5
	15
	250

	
	2
	180
	30
	10
	250

	
	3
	450
	1
	5
	250

	
	4
	500
	5
	5
	250

	
	5
	1500
	15
	30
	250

	
	6
	2450
	0
	5
	0/read

	
	7
	2500
	1
	2
	250
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