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Abstract: Selenocyanates form an interesting class of organic selenium compounds as they serve as 21 
multifunctional agents (being the precursors of seleninic acids and diselenides in synthetic 22 
chemistry and as antimicrobial and cytotoxic agent in biology) and, due to their similarity with 23 
better known thiocyanates promise high biological activity. Yet whilst selenocyanates are common 24 
in synthetic chemistry, they are rarely considered in pharmaceutical design. Arylmethyl 25 
selenocyanates (1-13) have been synthesized and an insight into their structural properties using 26 
X-ray crystallography has been obtained. The compounds subsequently have been evaluated for 27 
their potential antimicrobial, nematicidal and cytotoxic activity. ADMET properties in vitro, using 28 
mutagenicity (AMES) and permeability (PAMPA) tests, have been determined. The compounds 29 
exhibit pronounced activity against various strains of bacteria (both Gram-positive and 30 
Gram-negative) and yeasts. Among them, benzylselenocyanate (1) represents the most active 31 
anti-ESKAPE agent, with potent antibacterial activity, especially against multidrug resistant MRSA 32 
strains (HEMSA 5). Our results demonstrate that the arylmethyl selenocyantes are not only 33 
non-mutagenic but also possess moderate cytotoxic activity against cancer cells. 34 

Keywords: Reactive Selenium Species, arylmethyl selenocyanate, Cellular Thiolstat, antimicrobial, 35 
anticancer, ESKAPE, multidrug resistance. 36 

 37 

1. Introduction 38 

Since the discovery of the first modern antibiotics almost one hundred years ago, countless lives 39 
have been saved in the skirmish against pathogenic bacteria. Antibiotics such as the penicillin have 40 
served as important and effective weapons - and often as double-edged swords - to prevent the 41 
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onset of contagious ailments as prophylactic as well as post-infection curative agents. Since then, the 42 
quality of life (QoL) has been improving remarkably until the deadly enemy started to learn from 43 
our mistakes and instigated to develop resistance against antibiotics. Among various other reasons, 44 
overuse, misuse or extensive utilisation of antibiotics have led to the emergence of resistance in 45 
pathogenic bacteria, which has now become one of the biggest threats facing humanity [1]. The 46 
phenomenon of “resistance” to currently available antibiotics has attracted the attention of scientist 47 
for well over two decades now, and there is a considerable demand for development of antibiotics 48 
against these resistant strains of bacteria.  49 

Nature itself is an affluent source of antibiotics [2-4]. Natural substances, acquired from 50 
medicinal as well as culinary plants like garlic and mustard, have been extensively employed as 51 
antibiotics [5-7]. These substances are usually enriched with potent phytochemicals like alkaloids, 52 
flavonoids, terpenes and polyphenols and oragnosulfur compounds [8-11]. Organosulfur 53 
compounds are widely dispersed in nature e.g. allicin in garlic, ergothioneine in mushrooms, 54 
thiocyanates and isothiocyanates in cruciferous vegetables [12-14]. Isothiocyanates and thiocyanates 55 
are organosulfur compounds and are well known for their potential antimicrobial and cytotoxic 56 
potential [14-17]. A remarkable upsurge in activity as well as reactivity has been observed for the 57 
selenium analogues of organosulfur compounds [18]. Although organotellurium compounds are 58 
generally more potent than sufur and selenium analogues, yet these compounds are rather toxic and 59 
unstable, therefore, not suitable for drug design [19]. Organoselenium compounds have, therefore, 60 
attracted the attention of scientists quite recently and certain compounds like ebselen have already 61 
entered the clinical trials [20].  62 

Selenium analogues of naturally occurring thiocyanates (selenocyanates) represent an 63 
interesting class of organoselenium compounds [21]. These compounds are multifunctional in 64 
nature as they are employed as a precursor for the synthesis of various other organoselenium 65 
compounds like seleninic acids or diselenides in synthetic chemistry and as an effective cytotoxic 66 
agent in biology [22-24]. Although some organoseleno compounds have been reported as active 67 
compounds against microbes [25-27], little is known about antimicrobial activity of aromatic 68 
selenocyantes. Moreover, the literature also reveals that this class of selenocompounds has mostly 69 
been studied when attached to some “bioactive” scaffolds which may also influence their biological 70 
activity [24]. Since hardly any evidence of – chemically quite stable – benyzlselenocyanates can be 71 
found in the biological literature, we have turned our attention to this class of compounds and have 72 
focussed on the synthesis of some of the most basic arylmethyl selenocyanates (1-13, Figure 1), 73 
which indeed exhibit a rather encouraging effectiveness against a broad spectrum of biologically 74 
highly significant since antibiotic-resistant targets. 75 

2. Results and discussion 76 

2.1. Chemical synthesis  77 

The arylmethyl selenocyanates (1-13) have been synthesized using appropriate commercially 78 
available arylmethyl halides (14-26) and potassium selenocyanate (Figure 1a), according to the 79 
general procedure described by Wheeler and Merriam with some modifications [28]. The 80 
compounds were obtained in satisfied yields (62-88%, see Experimental and Supplementary).  81 
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 82 

Figure 1. Synthesis (a) and chemical structures (b) of benzylmethyl (1-11, group A) and 83 
naphthylmethyl (12, 13, group B) selenocyanates; i: ethanol, reflux, 6h.  84 

2.2. Crystallographic studies 85 

The structures of compounds 1-13 were confirmed by 1H and 13C-NMR and the molecular 86 
masses as well purity were confirmed by LC-MS. Additionally, a deeper insight into the structures 87 
of two selected compounds (1 and 12) was stipulated by employing X-ray crystallographic analysis 88 
(Table 1, Figure 2 and Figure 3).  89 

The molecular structures and atomic-numbering schemes of 1 and 12 are presented in Figure 2. 90 
In both crystal structures the unit cells consist of four molecules. The values of bond lengths formed 91 
by the selenium atom for C(sp)-Se are 1.850 Å and 1.837 Å for compound 1 and 12, respectively, 92 
whereas for C(sp3)-Se the bond length is 1.991 Å for both structures. Similar values were observed in 93 
other crystal structures with selenium atom [29,30]. The geometries of the methyleneselenocyanate 94 
groups in both compounds differ slightly. The responsible angles have values C1-Se1-C2 = 95.2° and 95 
95.5°, Se1-C2-C3 = 113.7° and 114.3°, C1-Se1-C2-C3 = -62.4° and -66.5°, Se1-C2-C3-C4 = 98.6° and 96 
98.8°, whereas the torsion angle N1-C1-Se1-C2 exhibits a significant difference of -164.4° and 67.3° 97 
for compound 1 and 12, respectively. Methylselenocyanate fragments were also searched in the 98 
Cambridge Structural Database (CSD, Version 5.37) [31], which resulted in five crystal structures (in 99 
one case two independent molecules). In these crystal structures the values of torsion angle 100 
N1-C1-Se1-C2 were 66.8°, -170.9°, -139.5°, 29.4°, -131.7° and -173.1°. The search of the CSD 101 
demonstrated that the geometry of the methyleneselenocyanate moiety in 1 and 12 is not exceptional 102 
among structures containing this fragment. The crystal structure of 1 has been determined earlier 103 
but without hydrogen atoms [30]. 104 

(a) 105 

 106 
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(b) 107 

 108 

Figure 2. The molecular structure of (a) 1 and (b) 12, with the appropriate atomic- numbering 109 
scheme. Displacement ellipsoids are drawn at 30% probability level.  110 

The packing of the molecules in the crystal structures can be characterized by intermolecular 111 
interactions listed in Table 1. In both structures, only weak C-H···N contacts with another 112 
arrangement of molecules are observed (Figure 3). 113 

Table 1. Parameters of intermolecular C-H···N interactions for 1 and 12 114 

Compounds D-H···A  H···A 
[Å] 

D···A 
[Å] 

D-H···A 
[°] 

Symmetry codes 

1 C2-H2A···N1 2.59 3.559(3) 174 -x, -y, -z 
 C2-H2B···N1 2.73 3.328(3) 119 x+1, y, z 
 C6-H6···N1 2.84 3.513(3) 128 -x, y-1/2, -z+1/2 

12 C2-H2A···N1 2.58 3.487(2) 155 x+1/2, -y+1, -z 
 C2-H2B···N1 2.76 3.333(1) 118 x, y-1, z 
 C8-H8···N1 2.75 3.520(2) 141 x-1/2, y-1/2, z-1/2 

 115 

(a) 116 

 117 

(b) 118 
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 119 

Figure 3. Partial packing views, indicating the intermolecular interactions in a layer of (a) 120 
selenocyanate 1 and (b) selenoyanate 12. The intermolecular interactions are depicted as dashed 121 
lines. 122 

2.3. Antimicrobial activity  123 

Compounds 1-13 were initially assessed for their potential antimicrobial activity against 124 
selected bacteria (both Gram-positive and Gram-negative), fungi, and multicellular nematodes. 125 
Minimum inhibitory concentration (MIC) values have been determined against bacteria and fungi 126 
and have been compared to the reference antimicrobial agents (Table 2) [26,32-36]. Most of the 127 
compounds displayed significant antimicrobial activity against both Gram-positive and 128 
Gram-negative members of dangerous ESKAPE family [27]. In the case of Gram-positive bacteria, 129 
the compounds have been examined against the reference strain (ATCC 25923) and the multidrug 130 
resistant (MDR) clinical isolate of S. aureus (HEMSA 5). It is noticeable that all compounds, except 11, 131 
displayed MIC values much lower than that of reference oxacillin against the MDR strain [26,32]. In 132 
the case of the most active compound (1), an excellent antimicrobial action was observed against 133 
HEMSA 5 which falls into the range of oxacillin against the susceptible strain ATCC 25923 (Table 2). 134 
Moreover, seven compounds (2, 3, 6, 8, 9, 12 and 13) demonstrated anti-staphylococcal activity with 135 
MIC values lower than 10 µg/ml. Interestingly, the series of compounds did not discriminate 136 
between referent and MDR S. aureus strains and displayed similar antibacterial potency against both 137 
or even slightly stronger against the MDR strain (12). This indicates the ability of the selenocyanates 138 
to overcome bacterial MDR, most likely by by-passing the components responsible for resistance, 139 
which is of great significance when searching for new therapeutic solutions in the face of a 140 
significant drop in antibiotic effectiveness today.  141 
  142 
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Table 2. Antimicrobial activity of arylmethyl selenocyanates (1-13) 143 

 

Cpd 

MICs (µg/ml) 

S. carnosus S. aureus 

ATCC25923 

MRSA* 

HEMSA 5 

A. baumannii 

4184/2/5 

P. aeruginosa 

4600 

C. albicans S. cerevisiae 

1 24.48 ≤ 0.76 0.76 1.53 6.12 12.24 24.48 

2 26.27 6.57 6.57 6.57-13.14 52.54 52.54 52.54 

3 13.19 6.59 6.59 13.19 26.37 13.19 6.59 

4 264.08 16.51 33.02 33.01 33.01 264.08 66.04 

5 53.52 ≥ 26.76 >26.76 26.76 26.76 6.69 53.52 

6 6.69 6.69 6.69 13.38 107.05- 210.10 6.69 6.69 

7 230.4 14.8-28.8 28.8 14.4-28.8 28.8 7.4 460.8 

8 115.28 7.2 – 14.4 7.2 - 14.4 7.2 – 14.4 115.28 28.82 28.82 

9 33.13 8.28 8.28 8.28 – 16.56 66.25 33.13 66.25 

10 275.04 34.38 >34.38 34.38 34.38 275.04 68.76 

11 30.125 482 482 >482 >482 7.53 60.25 

12 123.09 15.44 7.72 15.44 246.17 61.55 123.09 

13 15.39 7.69 7.69 15.39 246.16 30.78 61.56 

Ref. 0.03a 0.45b 128b <4b ≤16 c 0.094-4d 0.03-2e 

*MRSA; methicillin-resistant S. aureus; MIC values for reference antibiotics: aampicillin, boxacillin, cpiperacillin 
dfluconazole and eitraconazole [27,32-36].  

As for Gram-negative bacteria, compound 1 demonstrated excellent antimicrobial activity, 144 
especially against pathogenic A. baumannii and P. aeruginosa. In these cases, compound 1 was more 145 
potent than the reference drugs, i.e. oxacillin and piperacillin [33,34]. Interestingly, a significant 146 
decrease of antibacterial activity of 1 was observed in the case of non-pathogenic S. carnosus which 147 
highlights the selective targeting of this compound towards pathogenic bacteria. Compounds 2, 3, 6, 148 
9, 12 and 13 also demonstrated a pronounced activity against A. baumannii (MIC< 20 µg/ml).  149 

In the context of pathogenic yeasts, compounds 1, 3, 5, 7 and 11 displayed activity against C. 150 
albicans and inhibited the growth at concentrations even below 20 µg/ml. The highest activity, almost 151 
in the range of clinically relevant antifungal drugs [35,36], has been observed for compounds 5, 7 152 
and 11 with MIC < 10 µg/ml (Table 2). The apparent activity of these compounds against C. albicans 153 
suggests their possible application as potent antifungal agents. The aromatic selenocyanates, 154 
however, have not exhibited a significant activity against non-pathogenic S. cerevisiae. Here, just 155 
compound 3 inhibited the growth at the concentration below 20 µg/ml (i.e. at 6.59 µg/ml), yet its 156 
activity against this pathogenic fungus was distinctly lower than that of the benchmark fungicide 157 
itraconazole [35,36].  158 

2.4. Nematicidal activity 159 

In order to extend the scope of preliminary studies focused on unicellular organisms, such as 160 
bacteria and yeasts, another assay involving multicellular organisms of parasites has been 161 
employed. Thus, the whole series (1-13) has been evaluated for nematicidal potential against the 162 
agricultural nematode S. feltiae, which represents a simple and reliable multicellular model system 163 
(Figure 4).  164 
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 165 

Figure 4. Concentration-dependent activity of selenocyanates against S. feltiae. Ethanol (70% v/v) was 166 
used as positive control and PBS buffer was used as negative control. Values represent mean ± S.D. 167 
*** p < 0.001 and ** p < 0.01. 168 

Compounds have been evaluated at the concentrations ranging from 3.75 µM to 30 µM and all 169 
of them caused a remarkable, concentration-dependent decrease in the viability, which was 170 
pronounced even at the lowest concentrations tested. As for the Gram-negative bacteria compound 1 171 
stands out as it exhibited either similar or even higher nematicidal activity as compared to other 172 
compounds, with the exception of compounds 9 and 11. Although agricultural applications are more 173 
speculative at this time, these results indicate that the selenocyanates may also serve as excellent 174 
nematicidal agents, possibly also against pathogenic nematodes affecting animals and humans.  175 

2.5. Influence of arylmethyl selenocyantes on mammalian cells  176 

In order to investigate any selectivity for microorganisms and to rule out any major cytotoxicity 177 
against mammalian cells, compounds 1-12were investigated for their possible cytotoxicity against 178 
the normal NIH/3T3 mouse embryonic fibroblast cell line and two cancer cell lines of mouse 179 
T-lymphoma, i.e. the sensitive (PAR) and the multidrug resistant cell line (MDR) transfected with the 180 
human MDR1 (ABCB1) gene that codes for the ABC transporter. Doxorubicin was used as positive 181 
control (Table 3). Furthermore, the efflux pump inhibitory activity of selected compounds (1, 2, 4, 5, 182 
7 and 11) was investigated in both cancer cell lines (PAR and MDR) using the rhodamine 123 183 
accumulation assay, that allowed to evaluate rhodamine 123 (R123) retention by flow cytometry. 184 
Verapamil was employed as reference inhibitor (Table 4) [37,38].  185 
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2.5.1. Cytotoxicity in cancerous and non-cancerous cell lines 186 

According to the results (Table 3), none of the compounds exhibited any significant inhibitory 187 
activity against the non-cancerous NIH/3T3 mouse fibroblast cells. In both T-lymphoma cell lines, 188 
compounds 4, 5, 7 and 10 were considerably less cytotoxic when compared to the reference 189 
doxorubicin. Intriguingly, compounds 1-3, 6, 8, 9, 11 and 12 displayed significant cytotoxic effects on 190 
the parental and multidrug-resistant sublines of mouse T-lymphoma cells.  191 

Table 3. Cytotoxic effects of arylmethyl selenocyanates on both, non-cancerous and cancer cells. 192 

Cytotoxic effects on non-cancerous and cancer cells 
 

Cpd 
Non-cancerous 

NIH/3T3 
Mouse T-lymphoma cells 

PAR MDR  
   SI 

IC50 (µM) SD ± IC50 (µM) SD ± IC50 (µM) SD ± 
1 31.00 3.24 5.84 0.45 7.69 0.66 0.76 
2 55.12 2.81 5.33 0.41 9.72 1.1 0.55 
3 29.58 0.95 9.03 0 5.95 0.18 1.52 
4 >100 - 89.18 2.33 >100 - ≤0.89 
5 >100 - >100 - >100 - ND 
6 59.94 0.35 7.93 0.36 8.08 0.75 0.98 
7 >100 - >100 - >100 - ND 
8 44.73 1.79 8.58 0.18 9.64 0.88 0.89 
9 42.17 3.08 8.53 0.39 10.32 1.13 0.83 

10 >100 - >100 - >100 - ND 
11 70.08 1.55 7.26 0.74 14.09 1.58 0.52 
12 24.18 1.97 8.47 0.1 7.05 0.15 1.20 

DOX 13.38 0.98 0.42 0.17 2.64 0.09 0.16 
DMSO >2 V/V% - >2 V/V% - >2 V/V% - ND 
NIH/3T3, non-cancerous mouse embryonic fibroblast cells; PAR, parental T-Lymphoma cells; MDR, 

multidrug resistant T-Lymphoma cells overproducing efflux pump Pgp; DOX, doxorubicin; DMSO, 

dimethyl sulfoxide; SD, standard deviation; SI, selectivity index; ND, not determined. 

Although the compounds investigated (1-12) did not exhibit any distinct selectivity, the 193 
substantial activity of compounds 1, 3 and 12 against MDR cells is worth noticing. Thus, aromatic 194 
selenocyanates 1-3, 6, 8, 9, 11 and 12 may not only be of interest in the context of antimicrobial action 195 
- as anticipated initially - but also as a starting point in further search for anticancer agents with 196 
MDR-reversing properties. 197 

2.5.2. Cancer MDR efflux pump inhibitory properties  198 

As some of the selenocyanates demonstrated cytotoxic activity against MDR subline of mouse 199 
T-lymphoma cells, the compounds were evaluated for their potential as the inhibitors of efflux 200 
pump. None of the compounds exhibited significant ABCB1 inhibitory activity as compared to the 201 
positive control (verapamil, 20 µM) on the cell line under investigation (Table 4). Nonetheless 202 
compound 11 demonstrated 49.29% inhibition (FAR = 5.62) at higher concentration (20 µM) whilst 203 
compounds 1 and 2 exhibited only 16.05% and 17.28% inhibition respectively i.e. around 3-times 204 
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lower than that of the 11. None of the compounds, however, demonstrated any significant inhibitory 205 
activity (ranging between 5.52-11.75%) at lower concentration (2 µM) when compared to positive 206 
control (verapamil) and previously evaluated selenoesters and selenoanhydride [38]. 207 

Table 4. Effects of selenocyanates on rhodamine 123 accumulation by multidrug resistant (MDR) 208 
mouse T-lymphoma cells. 209 

Effects on rhodamine 123 accumulation 
 

Cpd 
Concentration 2 µM Concentration 20 µM 

FAR FAR quotient (%) FAR FAR quotient (%) 
1 0.82 7.19 1.83 16.05 
2 0.978 8.58 1.97 17.28 
4 0.76 6.67 0.61 5.35 
5 0.82 7.19 0.82 7.19 
7 0.927 8.13 0.731 6.41 

11 0.63 5.52 5.62 49.29 
13 1.34 11.75 0.72 6.32 

VER - - 11.4 100.00 
DMSO 0.63 (V/V%) 5.52 - - 

VER, verapamil; FAR, fluorescence activity ratio; FAR quotient: FAR of a compound related to FAR of VER 

tested at 20 µM. 

2.6. ADMET studies in vitro 210 

Since the series of selenocyanates under investigation demonstrated pronounced antimicrobial 211 
and nematicidal activities, it was important to investigate their “drug-likeness” profile. Four 212 
compounds (1, 2, 4 and 13) were selected for the in vitro assays on safety and absorption properties. 213 
The mutagenic potential of compounds was evaluated employing modified Ames fluctuation test 214 
[27,39,40], and membrane permeability was estimated using the Parallel Artificial Membrane 215 
Permeability Assay (PAMPA) (Figure 5, Table 5) [40-42].  216 

2.6.1. Mutagenicity 217 

The Ames fluctuation experiments were performed in triplicate to provide a mutagenic index 218 
(MI), computed according to the method described previously (Table 5) [27]. Binomial B-values were 219 
calculated according to the manufacturer’s instructions (Xenometrix AG, Allschwil, Switzerland). 220 
Compounds under investigation were considered mutagenic if MI > 2.0 and B ≥ 0.99 [27,39,40].  221 

Results of the experiments indicate very clearly that neither the selenocyanates (1, 2, 4, 13) nor 222 
the reference ebselen displayed any mutagenic potential at a concentration of 1 µM. Compounds 1, 2 223 
and 13 were also non-mutagenic at the higher concentration of 10 µM. Solely compound 4, at the 224 
higher concentration (10 µM), exhibited an increased Binomial B – value (B = 1.0), which may point 225 
towards a probable mutagenic potential. The mutagenicity of this derivative is rather ambiguous, as 226 
the value of the second parameter indicative of mutagenicity (MI = 1.75) was still below the 227 
threshold of 2.0, and substantially lower than the MI value for the mutagenic reference NQNO with 228 
a MI = 6.91 calculated at a concentration of 0.5 µM (Figure 5, Table 5). 229 
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2.5. In vitro PAMPA permeability  230 

The PAMPA permeability screening test imitates the structural and biological conditions of the 231 
cell membrane and allows for a quick and simple determination of a given compound’s passive 232 
transport through biological membranes, characterized by a permeability coefficient (Pe). A 233 
pre-coated PAMPA Plate System Gentest™ (Corning, Tewksbury, MA, USA) was employed, which 234 
guarantees good predictability and correlation of data obtained for human absorption in the Caco-2 235 
cell line. The concentrations of the compounds tested in the donor and acceptor compartments were 236 
estimated by the capillary electrophoresis method (CE) as described previously [40-42]. The 237 
permeability results obtained were compared with the data for the reference drugs, i.e. high 238 
permeable caffeine and low permeable norfloxacin (Table 5). All compounds (1, 2, 4 and 13) 239 
exhibited good permeability with Pe values above the threshold for highly permeable compounds 240 
(>1.5 × 10−6 cm/s) [42]. The results calculated for compound 13 may, however, be ambiguous due to 241 
the instability of the compound in phosphate buffered saline (pH 7.4), as around 50 % 242 
decomposition was determined by controlled LC/MS analysis (data not shown). 243 

 244 
 245 
 246 

 247 
 248 
 249 
 250 
 251 
 252 
 253 

 254 
 255 

Figure 5. Results of the Ames liquid microtiter test indicative of mutagenic potential; DMSO (1% in 256 
growth medium)- negative control, ebselen (reference compound) at the concentration 1µM and 10 257 
µM, NQNO (4-nitroquinoline-N-oxide, benchmark mutagenic agent) at concentration 0.5 µM; 1, 2, 4 258 
and 13 - selenocyanates at concentrations 1 µM and 10 µM, ----- baseline defining the mutagenicity 259 
threshold (significant mutagenicity above this line). 260 

Table 5. ADMET properties for some of the most active antibacterial agents (1, 2, 4, 13). 261 

ADME – Tox properties 

 Mutagenic potential PAMPA - permeability 
Cpd MI (1 µM) B MI (10 µM) B Pe [cm/s] 

1 1.15 0.74 1.20 0.81 2.69 x10-6 
2 1.04 0.56 0.87 0.28 3.17 x10-6 
4 1.25 0.87 1.75 1.0 2.57 x10-6 

13 1.47 0.96 0.82 0.14 2.25 x10-6 

Ebselen 0.69 0.26 0.80 0.46 nd 

Caffeine nd nd nd nd 3.61 x10-6 
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Norfloxacin nd nd nd nd 0.95 x10-6 
Ebselen – reference compound in Ames test. Reference compounds in PAMPA: high-permeable drug, caffeine; 262 
low-permeable drug, norfloxacin. MI – mutagenic index (the quotient of the number of revertant colonies 263 
induced in a test sample and the number of revertants in a negative control). B - Binomial B value, nd – not 264 
determined; Pe - permeability coefficient.    265 

2.8. SAR-discussion 266 

Although a variety of the biological activities seemingly associated with compounds 1-13 is, 267 
undeniably, associated with the reactive selenocyanate motif, the size and substituents of the 268 
aromatic fragments seem to present significant factors that affect both, the direction as well as 269 
strength of the identified activities, and for this reason also selectivity.  270 

The SAR analysis indicates that the unsubstituted benzyl was evidently the most favourable 271 
aromatic fragment (compound 1), responsible for the highest antibacterial properties against all 272 
ESKAPE pathogens involved in this study, with special accent on an excellent potency against the 273 
MDR S. aureus (HEMSA 5), placing compound 1 in the range of the best antimicrobial drugs. In 274 
comparison to the rest of compounds investigated (2-13), the benzylselenocyanate (1) also 275 
demonstrated remarkable antifungal as well as nematicidal properties. Compound 1 also exhibited 276 
the strongest cytotoxic action on both, parental and multidrug resistant T-lymphoma cells. 277 

Apart from the unsubstituted benzyl derivative (1), significant anti-staphylococcal activity was 278 
also observed for compounds containing the benzyl ring substituted with methyl (2, 3), fluorine (6) 279 
and chlorine (8, 9), predominantly at meta and/or para position. Moreover, both 1- and 280 
2-naphthylmethyl derivatives (12 and 13, respectively) exhibited noteworthy antibacterial activities 281 
against S. aureus and A. baumanni.  282 

Untypically, the β-naphthyl derivative (12) was more active against the MDR strain (HEMSA 5) 283 
at the lower concentration as compared to the non-resistant reference strain (ATCC 25923). The 284 
comparable MICs of benzyl and naphthyl derivatives against both S. aureus strains, or even lower for 285 
the MDR one, indicate not only antibacterial but also distinct reversal-MDR mechanisms of action 286 
for these Reactive Selenium Species. Although the MDR mechanism of HEMSA 5 is rather complex 287 
and has not been thoroughly explored until now, a predominant contribution of protein efflux 288 
pumps is highly probable. The potent and most effective bacterial efflux pump inhibitors (EPIs), e.g. 289 
peptidomimmetics or naphthylmethylpiperazine (NMP) [43] contain benzyl and/or naphthyl 290 
moieties in their chemical structures. This strongly supports the notion that the interesting 291 
antibacterial activities, observed for compounds 1, 12 and 13, were conditioned by the reactive 292 
SeCN-fragment on one hand, and by the unsubstituted benzyl or naphthyl moieties which are likely 293 
to inhibit the MDR efflux mechanisms, on the other. Interestingly, the 1-naphthyl derivative (13) also 294 
exhibited some toxicity against non-pathogenic S. carnosus, whilst the 3-methylbenzyl (3), was active 295 
against all bacteria and yeast at the concentration below 30 µM. 296 

In the case of antifungal activity against C. albicans, the role of the substituent position at the 297 
benzene ring seems to play a crucial role. Thus, the three most active agents were para-substituted 298 
with fluorine (5), chlorine (7) and NO2 (11), respectively. Interestingly, the 299 
p-nitrobenzylselenocyanate (11) exhibited the most selective activity against C. albicans compared to 300 
the rest of the microbes tested, yet was not active against agricultural pest nematodes. Although the 301 
strongest nematicidal effect was observed for 3,4-dichlorobenzyl compound (9), the second most 302 
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active compound was the 4-nitrobenzyl derivative (11), which was one of the three most active 303 
cytotoxic agents effective against both, parental and multidrug resistant mouse T-lymphoma cells.  304 

Generally, elemental selenium as well as simple organic selenium compounds interact with the 305 
cellular thiolstat and modulate the redox state of cancer cells [44]. Several simple organoselenium 306 
compounds, such as aromatic selenoesters and anhydrides exhibit excellent cytotoxicity [45] and 307 
Pgp-inhibitory activities in the corresponding assays [38,46]. The combination of the selenocyanate 308 
functional group with arylmethyl moiety, however, does not seem to be effective for cytotoxic or 309 
MDR-reversing activity in cancer cells. For cytotoxicity SAR, the methyl (2 and 3) and the 310 
unsubstituted benzyl (1) and β-naphthyl (12) fragments exhibited the highest cytotoxic activity 311 
against T-lymphoma cell lines, with a slight discrimination between parental and MDR cells. The 312 
cancer MDR inhibitory activities were almost negligible for the selenocyanates tested, with an 313 
exception of the 4-nitrobenzyl selenocyante (11), which demonstrated moderate activity i.e. 2-fold 314 
lower than that of verapamil.  315 

Similar selenocompounds (incuding benzoselenophene-diones and various selenoesters) have 316 
also been evaluated in murine lymphoma and human adenocarcinoma cell lines overexpressing the 317 
ABCB1 transporter [38]. The cyclic selenoanhydride and the various selenoesters were several times 318 
more potent than verapamil, but the nature of their substituents at the aromatic ring seemed to 319 
influence the SAR properties to a lesser extent. In the case of the selenocyanates, the modification of 320 
the substituents in the para-position significantly influenced the efflux pump inhibitory properties. 321 
The strong electron-withdrawing NO2 group has been observed to play a promoting role. The 322 
methylselenocyante substituent at an aromatic ring, presumably due to some bio-isosteric analogy 323 
with the carboxylic moiety, seems to be a main factor responsible for a considerable decrease in the 324 
ABCB1 modulatory properties of all aromatic selenocyanates (1-13) as compared to previously 325 
investigated selenoesters [38,46].  326 

3. Conclusions 327 

The comprehensive studies presented in the previous sections, have provided new insight into 328 
the chemistry and biological activity of small aromatic selenocyanates, which may be useful in the 329 
hunt for new antimicrobial and anticancer agents. An overview on the full spectrum of biological 330 
screening results allows to perceive a general trend for the arylmethyl selenocyanates (1-13) that 331 
comprises of the pronounced antimicrobial and antiparasitic properties with moderate cytotoxic and 332 
weak efflux pump inhibitory properties in cancer cells as well as a lower toxic activity against 333 
non-pathogenic organisms and cell lines. SAR studies indicate that benzylselenocyanate (1) can be 334 
selected as the best lead structure, distinctly the most active one during these studies. Indeed, 335 
compound 1 not only showed an excellent activity against multidrug resistant S. aureus, but also a 336 
significant action against Gram-negative pathogens, pathogenic yeasts, parasites and cancer 337 
T-lymphoma growth. Our initial ADMET screening in vitro has also confirmed the lack of mutagenic 338 
effects and a good permeability for compound 1. Noteworthy, antibacterial properties were also 339 
observed for naphthyl derivatives (12, 13), and antifungal for 4-fluorobenzylselenocyanate (5). 340 
Additionally, methylbenzyl (2 and 3) and β-naphthyl derivatives (12) have been identified as more 341 
attractive lead structures in the ongoing search for anticancer agents. 342 

Since the arylmethyl selenocyanates have demonstrated considerable activity against both, 343 
pathogenic bacteria and a yeast, and were also rather potent against the problematic MDR 344 
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microorganisms, future studies in the field of antimicrobial agents should consider these simple 345 
structures as part of innovative drug design.  346 

4. Experimental section 347 

4.1. Chemical synthesis 348 

1H NMR and 13C NMR spectra were recorded on a Varian Mercury-VX 300 MHz PFG 349 
instrument in DMSO-d6 at ambient temperature using the solvent signal as an internal standard. 350 
The values of the chemical shifts are expressed in δ values and the coupling constants (J) in Hz. Mass 351 
spectra were recorded on a UPLC–MS/MS system consisted of a Waters ACQUITY® UPLC® 352 
(Waters Corporation, Milford, MA, USA) coupled to a Waters TQD mass spectrometer (electrospray 353 
ionization mode ESI-tandem quadrupole). The UPLC/MS purity of all the final compounds was 354 
confirmed to be higher than 95%. Retention times (tR) are given in min. Thin-layer chromatography 355 
was performed on pre-coated Merck silica gel 60 F254 aluminium sheets. The reactions at a fixed 356 
temperature were carried out using a magnetic stirrer with a contact thermometer Heidolph MR 357 
2001. 358 

4.1.1. General procedure for the synthesis of selenocyanates 359 

Selenocyanates were synthesized using the general protocol described by Wheeler and 360 
Merriam with some modifications [28]. According to this procedure, alkyl halides (10-20 mmol) 361 
were treated with KSeCN (12-25 mmols) of in ethanol (10- 20 ml). The reaction mixture was refluxed 362 
for 6 h and the progress of the reaction was monitored periodically by Thin Layer Chromatography 363 
(TLC). After the completion of the reaction, the inorganic salt was separated by filtration and the 364 
filtrate was purified with charcoal, condensed and crystallized with ethanol, to yield crystals of 365 
arylmethylselenocyantes (1-13). Synthesis and chemical characteristics of compounds 1, 3-7 and 366 
10-12 have been described in the literature [47-49]. Analytical data for the compounds (1, 3-7 and 367 
10-12) are in agreement with the values reported in the literature (see Supplementary). 368 

4.1.1.1. 4-Methylbenzyl selenocyanate (2) 369 

4-Methylbenzyl chloride (1.4g, 10 mmol), KSeCN (1.73g, 12mmol) and ethanol (10 ml) were 370 
used. The compound 2 was obtained as light crystals. Yield 83.6% (1,76g, 8.36 mmol); TLC Rf (DCM, 371 
100%): 0.51. 1H NMR (DMSO-d6, ppm): δ 7.23 (d, J= 7.62 Hz, 2H, 2 C-H ), 7.17 (d, J=8.21 Hz, 2H, 2 372 
C-H ), 4.27 (s, 2H, CH2), 2.28 (t, J=9.10 Hz, 3H, CH3). 13C NMR (DMSO-d6, ppm): δ 137.62,135.65, 373 
129.61,129.22,105.39 (Se-CN), 33.08, 21.22. LC–MS: purity 100 %, tR = 6.25, (ESI) m/z: calculated for 374 
C9H9NSe [M+H]+: 105.07, found: 105.02. 375 

4.1.1.2. 3-Chlorobenzyl selenocyanate (8) 376 

3-Chlorobenzyl chloride (3.22g, 20 mmol), KSeCN (3.60g. 25 mmol) and ethanol (20 ml) were 377 
used. The compound 8 was obtained as light crystals. Yield 82.55 % (3.81g, 16.51 mmol); TLC Rf 378 
(DCM, 100%): 0.75. 1H NMR (DMSO-d6, ppm): δ 7.42(m, 1H, CH), 7.37 (m, 2H, CH), 7.33 (m, 1H, 379 
CH), 4.28 (t, J=9.15 Hz, 2H, CH2). 13C NMR (DMSO-d6, ppm): δ 141.45, 133.38, 130.95, 129.04, 128.17, 380 
128.00, 105.23(Se-CN), 31.96. LC–MS: purity 98.95 %, tR = 6.24, (ESI) m/z: calculated for C8H6ClNSe 381 
[M+H]+: 125.02, found: 125.02. 382 
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4.1.1.3. 3,4-Dichlorobenzyl selenocyanate (9) 383 

3,4-Dichlorobenzyl chloride (3.91g, 20 mmol), KSeCN (3.6g. 25 mmol) and ethanol (20 ml) were 384 
used. The compound 9 was obtained as yellow crystals. Yield 88.2 % (4.673g, 17.64 mmol); TLC Rf 385 
(DCM, 100%): 0.60. 1H NMR (DMSO-d6, ppm): δ 7.62(m, 2H, CH), 7.37(dd, J1=2.12 Hz, J2=2.09 Hz, 386 
1H, CH), 4.28 (t, J=9.15 Hz, 2H, CH2). 13C NMR (DMSO-d6, ppm): δ 140.24, 131.29 (4 C), 129.67, 105.19 387 
(Se-CN), 31.23. LC–MS: purity 99.49 %, tR = 6.86, (ESI) m/z: calculated for C8H5Cl2NSe [M+H]+: 158.98, 388 
found: 158.97. 389 

4.1.1.4. 1-(Selenocyanatomethyl)naphthalene (13) 390 

1- Chloromethyl naphthalene (3.533g, 20 mmol), KSeCN (3.6g. 25 mmol) and ethanol (20 ml) 391 
were used. The compound 13 was obtained as yellow crystals. Yield 75.5 % (3.71g, 15.1 mmol); TLC 392 
Rf (DCM, 100%): 0.64. 1H NMR (DMSO-d6, ppm): δ 8.27 (d, J=8.21 Hz, 1H, CH), 7.96 (dd, J1=7.03 Hz, 393 
J2= 7.03 Hz, 2H, CH), 7.49 (m, 4H, CH), 4.78 (t, J=9.38 Hz, 2H, CH2). 13C NMR (DMSO-d6, ppm): δ 394 
134.02, 130.87, 129.21, 128.61, 126.77, 125.73, 124.54, 105.33 (Se-CN), 31.09. LC–MS: purity 94.69%, tR = 395 
6.59, (ESI) m/z: calculated for C12H9NSe [M+H]+: 141.07, found: 141.03. 396 

4.2. X-ray crystallography 397 

Single crystals suitable for X-ray analysis were obtained from ethanol for 1 and butan-2-ol for 12 398 
by slow evaporation of the solvent at room temperature. Intensity data of 1 was collected on the 399 
Bruker-Nonius Kappa CCD four circle diffractometer, whereas of 12 was collected on Oxford 400 
Diffraction SuperNova Diffractometer equipped with a Mo (0.71069 Å) Kα radiation source. Position 401 
of non-hydrogen atoms were determined by direct method using SIR-2014 program [50]. Hydrogen 402 
atoms bonded to carbons atoms were included at idealized positions and were refined using a riding 403 
model. The aryl hydrogen atoms were constrained with C-H 0.93 Å, the methylene groups with C-H 404 
0.97 Å and Uiso(H) = 1.2Ueq. The final refinements were performed by SHELXL program [51], ORTEP 405 
[52] and MERCURY [53] programs were employed for molecular graphics. 406 
Compound 1: C8H7NSe, Mr = 196.11, crystal size 0.08 x 0.16 x 0.46 mm3, monoclinic, space group 407 
P21/c, a = 5.9880(1) Å, b = 7.4440(2) Å, c = 17.4880(5) Å, β = 96.277(2)°, V = 774.85 Å3,  Z = 4, T = 408 
100(2)K, 6844 reflections collected, 1786 unique reflections [RINT = 0.0326], R1 = 0.0226, wR2 = 0.0521 [I 409 
> 2σ(I)], R1 = 0.0226, wR2 = 0.0536 [all data]. 410 
Compound 12: C12H9NSe, Mr = 246.16, crystal size 0.25 x 0.48 x0.60 mm3, monoclinic, space group Ia, 411 
a = 8.2486(2) Å, b = 5.9838(1) Å, c = 20.4158(7) Å, β = 93.097(3)°, V = 1006.23 Å3,  Z = 4, T = 130(2)K, 412 
4415 reflections collected, 2048 unique reflections [RINT = 0.0300], R1 = 0.0368, wR2 = 0.0921 [I > 2σ(I)], 413 
R1 = 0.0397, wR2 = 0.0947 [all data]. 414 
CCDC 1819893-1819894 contain the supplementary crystallographic data for this manuscript. The 415 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 416 
www.ccdc.cam.ac.uk/data_request/cif. 417 

4.3. Antimicrobial activity 418 

4.3.1.Antimicrobial susceptibility testing 419 

The minimal inhibitory concentration tests were performed by the standard microdilution 420 
method in cation-adjusted Mueller-Hinton II Broth (MHB, Becton-Dickinson, Germany) according to 421 
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Clinical and Laboratory Standard Institute (CLSI) recommendations [54]. The compounds (1-13) 422 
were evaluated for their antimicrobial activity against a broad spectrum of microorganisms, 423 
including Gram-positive bacteria (S. carnosus and S. aureus), Gram-negative bacteria (A. baumanni 424 
and P. aeruginosa) and yeasts (C. albicans and S. cerevisiae). The values of MIC were recorded after 425 
incubation of compounds for 20 h and 24 h with bacteria and yeast, respectively. The experiments 426 
were performed in triplicate and on three different occasions (i.e. a total of nine times). 427 

4.3.2. Nematicidal activity  428 

The compounds were also evaluated for their nematicidal activity against model nematode 429 
(Steinernema feltiae). S. feltiae was obtained from Sautter and Stepper GmbH (Ammerbuch, Germany). 430 
The assay was performed according to the protocol mentioned in the literature [55,56]. Results are 431 
represented as means ± SD. GraphPad Prism 5 was used to perform the statistical analysis. Statistical 432 
significances were calculated by employing GraphPad Prism 5 and calculations were performed 433 
using one-way ANOVA, with p < 0.05 considered to be statistically significant. 434 

4.4. Cytotoxic activity 435 

4.4.1. Cell lines 436 

L5178 mouse T-cell lymphoma cells (PAR) (ECACC Cat. No. 87111908, obtained from FDA, 437 
Silver Spring, MD, USA) were transfected with pHa MDR1/A retrovirus, as previously described by 438 
Cornwell et al. [57]. The ABCB1-expressing cell line L5178Y (MDR) was selected by culturing the 439 
infected cells with colchicine. The parental L5178 mouse T-cell lymphoma cells and the L5178Y 440 
human ABCB1-transfected subline was cultured in McCoy’s 5A medium (Sigma-Aldrich, St Louis, 441 
MO, USA) supplemented with 10% heat-inactivated horse serum (Sigma-Aldrich, St Louis, MO, 442 
USA), 200 mM L-glutamine (Sigma-Aldrich, St Louis, MO, USA) and a penicillin-streptomycin 443 
(Sigma-Aldrich, St Louis, MO, USA) mixture in concentrations of 100 U/L and 10 mg/L, respectively. 444 
The cell lines were incubated at 37˚C, in a 5% CO2, 95% air atmosphere.  445 

NIH/3T3 mouse embryonic fibroblast cell line (ATCC CRL-1658) was purchased from LGC 446 
Promochem, Teddington, UK. The cell line was cultured in Dulbecco’s Modified Eagle’s Medium 447 
(DMEM, containing 4.5g/L glucose) supplemented with 10% heat-inactivated fetal bovine serum. 448 
The cell line was incubated at 37˚C, in a 5% CO2, 95% air atmosphere.  449 

4.4.2. Assay for cytotoxic effect 450 

Cytotoxicity assays were performed following the procedure described in the literature [58,59]. 451 
Parental and multidrug resistant mouse T-lymphoma cells and NIH/3T3 non-cancerous mouse 452 
embryonic fibroblast cell lines were used to determine the effect of the selenocyanates on the growth 453 
of cells. The effects of increasing concentrations of selenocyanates on cell growth were tested in 454 
96-well flat-bottomed microtiter plates. The compounds were diluted in a volume of 100 µL of 455 
medium. 456 

The adherent mouse embryonic fibroblast cells were cultured in 96-well flat-bottomed 457 
microtiter plates, using DMEM supplemented with 10% heat-inactivated fetal bovine serum. The 458 
culture plates were incubated at 37°C, in a 5% CO2, 95% air atmosphere. In a separate plate, the 459 
respective dilutions of the selenocyanates were prepared. The density of the cells was adjusted to 460 
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1x104 cells per well, the cells were seeded for 4 h at 37°C, 5% CO2, then the medium was removed 461 
from the plates containing the cells, and the dilutions previously made were added to the cells. 462 

In case of the mouse T-lymphoma cells, the two-fold serial dilutions were prepared in 100 µL of 463 
McCoy’s 5A, horizontally. The parental (PAR) and multi-drug resistant (MDR) mouse T-lymphoma 464 
cells were adjusted to a density of 1×104 cells in 100 µL of McCoy’s 5A medium and were added to 465 
each well, with the exception of the medium control wells. 466 

The culture plates were incubated at 37˚C for 24 h; at the end of the incubation period, 20 µL of 467 
MTT (thiazolyl blue tetrazolium bromide, Sigma) solution (from a stock solution of 5 mg/ml) were 468 
added to each well. After incubation at 37˚C for 4 h, 100 µL of sodium dodecyl sulfate (SDS) (Sigma) 469 
solution (10% in 0.01 M HCI) were added to each well and the plates were further incubated at 37˚C 470 
overnight. Cell growth was determined by measuring the optical density (OD) at 540/630 nm with 471 
Multiscan EX ELISA reader (Thermo Labsystems, Cheshire, WA, USA). Inhibition of the cell growth 472 
was determined according to the formula below: 473 
 474 

 475 

Results have been expressed in terms of IC50, defined as the inhibitory dose that reduces the 476 
growth of the cells exposed to the tested compounds by 50%, each representing the mean of a 477 
minimum of three independent experiments. 478 

4.5. Evaluation of rhodamine 123 (R123) retention by flow cytometry 479 

The potency of the tested compounds as inhibitors of the ABCB1 efflux pump was determined 480 
using a fluorescence-based detection system, described previously in the literature [38,59]. 481 
Verapamil was applied as a reference inhibitor of the ABCB1 transporter. The parental (PAR) and 482 
multidrug resistant (MDR) mouse T-lymphoma cells were adjusted to a density of 2×106/ml, 483 
re-suspended in serum-free McCoy’s 5A medium and distributed in 0.5 ml aliquots into Eppendorf 484 
centrifuge tubes. The tested compounds (1 and 10 µl, from a stock solution of 1mM) were added at 485 
different concentrations (2 µM and 20 µM final concentrations, respectively), and the samples were 486 
incubated for 10 min at room temperature. Subsequently, 10 µl (with a final concentration of 5.2 µM) 487 
of rhodamine 123 was added to the samples and the cells were incubated for 20 minutes at 37˚C, 488 
washed twice and re-suspended in 0.5 ml phosphate buffered saline (PBS) for analysis. The 489 
fluorescence intensity of the cell population was measured with a Partec CyFlow flow cytometer 490 
(Partec, Munster, Germany). Verapamil was used as a positive control at 20 µM final concentration 491 
in the rhodamine 123 exclusion experiments. The mean fluorescence intensity (%) was calculated for 492 
the treated MDR and PAR mouse T-lymphoma cells as compared to the untreated cells. The 493 
fluorescence activity ratio (FAR) was calculated based on the following equation which relates the 494 
measured fluorescence values: 495 

Geben Sie hier eine Formel ein. 496 

4.6. Mutagenicity assay 497 

4.6.1. Reagents for microplate fluctuation Ames test 498 

4-nitroquinoline-N-oxide (NQNO), DMSO, ebselen, bromocresol purple, NADP+, 499 
glucose-6-phosphate sodium salt and glucose-6-phosphate dehydrogenase were purchased from 500 
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Sigma-Aldrich (Seelze, Germany); ampicillin was obtained from Polfa Tarchomin S.A. (Warszawa, 501 
Poland); beef extract, L-histidine monochloride, D-biotin,; peptone from casein, water for HPLC 502 
analysis from Merck (Darmstadt, Germany); potassium phosphate monobasic, potassium 503 
phosphate, ammonium sulfate, trisodium citrate dehydrate, magnesium sulfate heptahydrate, 504 
sodium chloride, potassium chloride, sodium phosphate dibasic, D-glucose from Chempur (Piekary 505 
Śląskie, Poland). 506 

4.6.2. Bacterial strains in the mutagenicity assay 507 

The Salmonella typhimurium TA100 strain with base pair substitution (hisG46 mutation, which 508 
target is GGG) was purchased from Xenometrix, Allschwil, Switzerland, and has been used in Ames 509 
384 - well microtiter assay [60].  510 

4.6.3. Modified Ames 384 - well microtiter assay 511 

Prior to the experiment, Salmonella typhimurium TA100 strain was cultivated overnight (NB-2 512 
liquid medium in the presence of 25 µg/ml ampicillin). Then, all of the tested compounds were 513 
assayed according to microtiter liquid Ames fluctuation protocol described in the literature [60]. 514 
NQNO was used as a positive control in the mutagenicity assays. This reagent causes point 515 
mutations in the genome as it induces G:C →A:T transitions in the Salmonella typhimurium TA-100 516 
strain [60].  517 

4.7. In vitro PAMPA permeability assay 518 

4.7.1. Reagents  519 

Pre-coated PAMPA Plate System Gentest™ was purchased from Corning (Bradford, MA, USA). 520 
Boric acid (0.4 M) and 0.1 M sodium borate decahydrate (both HPCE grade, in the water) were 521 
obtained from Beckman Coulter (USA). Sodium hydroxide and hydrochloric acid for CE were 522 
purchased from Fluka - Sigma Aldrich (Seelze, Germany). Water for HPLC analysis was purchased 523 
from Merck (Darmstadt, Germany). Potassium phosphate monobasic, sodium phosphate dibasic, 524 
sodium chloride and potassium chloride were obtained from Chempur (Piekary Śląskie, Poland). 525 
Reference compounds: caffeine and norfloxacin were purchased from Sigma-Aldrich (St. Louis, MO, 526 
USA). 527 

4.7.2. Methods of permeability measurement 528 

The tested compounds (1, 2, 4, and 13) and reference probes were prepared in PBS buffer (pH = 529 
7.4) from 10 mM DMSO stocks, according to previously described protocol [40]. The concentrations, 530 
both the tested compounds and references (caffeine, and norfloxacin) were estimated in the donor 531 
and acceptor compartments, using the capillary electrophoresis technique (CE). Moreover, the 532 
calibration curves of all above mentioned test and reference compounds were determined by the 533 
same technique. Finally, the permeability coefficients (Pe, [cm/s]) of the test compounds were 534 
calculated using the formula provided by the PAMPA Plate System manufacturer [40,42].  535 

4.8. Analytical methods- Ames and in vitro PAMPA methods 536 
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The results of the modified Ames microtiter test were additionally read at 420 nm, using 537 
microplate reader (Perkin Elmer, EnSpire). In the PAMPA experiments, the concentrations of the 538 
tested compounds were determined using capillary electrophoresis (CE) system P/ACE MDQ 539 
(Beckman Coulter, Fullerton, CA, USA), controlled by 32 Karat Software version 8.0. The CE system 540 
was equipped with diode-array detector (DAD) and analytical uncoated fused-silica capillary with 541 
total length of 60 cm (50.2 cm to detection window) and internal diameter 75 µm,) purchased from 542 
Beckman.  543 
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