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Abstract: Structures of irinotecan (CPT-11) in neutral lactone, neutral carboxyl, and anionic carboxylate forms 
in singlet ground states and of their complexes with Cu(II) in doublet ground states are optimized using 
B3LYP/6-311G* treatment. Metal ion affinities (MIA), Cu charges and Laplacians of Cu-ligand bond critical 
points of possible CPT active sites are evaluated. The formation of Cu(II) complexes with the anionic carboxy-
late ligand leads to the release of CO2 that can cause a decrease in the concentration of the active lactone form 
due to equilibria between all forms of the drug. MIA values and electron density transfer to Cu increase in the 
sequence lactone < neutral carboxyl < anionic carboxylate. Both neutral forms of irinotecan exhibit lower MIA 
values than those of camptothecin, unlike the anionic carboxylate form.
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Introduction

The semisynthetic anticancer drug irinotecan 
(CPT-11), (4S)-4,11-diethyl-3,4,12,14-tetrahydro-4-
hy droxy-3 ,14-dioxo-1H -pyrano[3 ’ ,4 ’ :6 ,7] -
indolizino[1,2-b]quinolin-9-yl-[1,4’-bipiperidine]-
1’-carboxylate was approved for cancer treatment in 
1994 (Bailly, 2019). It is obtained by chemical modi-
fication of camptothecin with the aim to increase its 
low water solubility (Sawada et al., 1991). After en-
zymatic cleavage of the bispiperidine side chain, its 
minor metabolite SN-38, (4S)-4,11-diethyl-4,9-dihy-
droxy-1,4-dihydro-3H,14H-pyrano[3’,4’:6,7]
indolizino[1,2-b]quinolone-3,14-dione is obtained, 
which is an even more potent anticancer drug (Ta-
nizawa et al., 1994). In aqueous solutions, the lac-
tone ring of irinotecan is hydrated to the inactive 
carboxylate form, which is favored under neutral 
and alkaline conditions, whereas the active lactone 
form I prevails in acidic solutions (Fassberg and 
Stella, 1992; DiNunzio et al., 2018). Structure of the 
irinotecan lactone form has been determined by 
single crystal X-ray diffraction (Sawada et al., 1991), 
NMR measurements in DMSO solution (D’Amelio 
et al., 2012), and quantum-chemical model studies 
(Babu et al., 2012; Ivanova and Spiteller, 2012; Hus-
sain et al., 2016).
Relative cytotoxicity of various forms of camptothe
cin and lactone forms of irinotecan and SN-38 have 
been investigated in a series of studies (Steklac 
and Breza, 2018, 2021, 2022, 2022a) by means of 
quantum chemistry. This treatment was originally 
developed for antioxidants (Alagona and Ghio, 
2009, 2009a; Mammino, 2013; Kabanda et al., 2014; 

Tsiepe et al., 2015; Serobatse et al., 2016, 2016a; 
Puskarova and Breza, 2016, 2017; Jelemenska and 
Breza, 2021; Breza and Jelemenska, 2022) and is 
based on the complexation ability of their various 
active sites to Cu(II) with subsequent electron den-
sity transfer (ligand oxidation and metal reduction). 
Metal ion affinity (MIA) data for the ligand active 
sites in hypothetical complexes can be obtained by 
DFT treatment. However, inclusion of the solvent 
effect decreases the MIA values and thus, vacuum 
model studies are more suitable for cytotoxicity 
studies (Alagona and Ghio, 2009, 2009a; Mam-
mino, 2013).
This method has been successfully applied to 
rutile nanoparticles (Breza and Simon, 2019, 
2020; Breza, 2021), substituted phenols (Steklac 
and Breza, 2021a, 2021b) and benzoquinones 
(Steklac and Breza, 2021c) revealing linear rela-
tions between the degree of electron density 
transfer to Cu, Cu-phenol interaction energy and 
experimental toxicity data, which were evaluated 
as log(1/IC50) where IC50 is the concentration of 
substituted phenol/benzoquinone that causes 
50 % inhibition of cell growth.
The generally accepted paradigm that the purpose 
of quantum-chemical modelling is to explain the 
properties of real systems is usually interpreted so 
that only real systems should be modelled. This 
is a very restricted interpretation. Our method of 
modelling hypothetical complexes to compare the 
complexation ability and the extent of electron 
density transfer for individual active sites of the 
compound under study is an example of extended 
interpretation of this paradigm. In our case, the 
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Cu2+ ion serves only as a probe to measure properties 
of the complexes and to rationalize the electronic 
structure factors of cytotoxicity. This is of practi-
cal importance as experiments cannot distinguish 
between pharmacokinetics and electronic structure 
factors of the drug action.
In our studies (Steklac and Breza, 2021, 2022), we 
have explained why the carboxylate and protonated 
lactone forms of camptothecin are not suitable as 
anticancer drugs. In our previous comparative study 
(Steklac and Breza, 2022a), cytotoxicity of lactone 
forms was found to decrease in the sequence iri-
notecan > SN-38 > camptothecin. The discrepancy 
with the least relative in vitro irinotecan cytotoxicity 
is probably due to their different pharmacokinet-
ics. The aim of our recent study is to compare the 
cytotoxicity of the neutral lactone, neutral carboxyl, 
and anionic carboxylate forms of irinotecan, which 
coexist in aqueous solutions. In agreement with 
our previous cytotoxicity studies, all calculations 
were performed in vacuo because of more palpable 
trends compared to solutions (see above).

Method

Geometries of three forms of irinotecan (neutral 
lactone and carboxyl, anionic carboxylate) in singlet 
ground states, as well as of their Cu(II) complexes 
in doublet ground state, were optimized using the 
B3LYP hybrid functional (Becke, 1993). Standard 
6-311G* basis sets from the Gaussian library (Frisch 
et al., 2013) were used for all atoms. Optimized 

geometries were checked for the absence of imagi-
nary vibrations by vibrational analysis. The charges 
and spin populations of copper atoms were evalu-
ated using the Mulliken population analysis (MPA) 
(Mulliken, 1955, 1955a). Gaussian09 software was 
used for all quantum-chemical calculations (Frisch 
et al., 2013).
Alternatively, the charge and spin population of 
copper was evaluated in terms of Quantum Theory 
of Atoms-in-Molecules (QTAIM) (Bader, 1990). 
Irinotecan → Cu electron density transfer was esti-
mated as the Laplacian of the electron density (∇2ρ) 
at bond critical points (BCP) using the AIMAll 
software (Keith, 2017). The MOLDRAW software 
(Ugliengo, 2006) was used for geometry manipula-
tion and visualization purposes. QTAIM molecular 
graphs were drawn using the AIM2000 software 
(Biegler-Konig et al., 2001).
Metal-ion affinity (MIA) was evaluated as the inter-
action energy

	 Eint = Ecomplex – ECu(II) – EL	 (1)

where Ecomplex is the DFT energy of the 2[L…Cu]2+q 
complex, ECu(II) is the DFT energy of the copper(II) 
ion and EL is the DFT energy of the L ligand, i.e., 
the neutral lactone (q = 0), neutral carboxyl (q = 0) 
or anionic carboxylate (q = –1) form of irinotecan.

Results and discussion

In the first step, structures of neutral lactone (I), 
neutral carboxyl (II), and three possible anionic car-

Fig. 1. Atom and ring notation of the irinotecan (CPT-11) lactone (top) and the DFT structure (bottom) 
of its neutral form I (carbon — black, hydrogen — white, nitrogen — blue, oxygen — red) studies 

(Steklac and Breza, 2022a).
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boxylate (III) forms of irinotecan were optimized. 
After hydration of the lactone ring (Fig. 1), the 
C21—O17 bond is split, the O21 site is formally dou-
bled, and the O17 site is protonated to the neutral 
carboxyl form II (Fig. 2). Subsequently, this form 
can be deprotonated at the O17, O20, or O21 sites. Our 
results show that the most probable deprotonation 
site is at O21 (see Table 1) and that only this isomer 
should be present in real systems. Therefore, only 
this structure will be denoted as form III (Fig. 3) 
and considered in our further studies.

Tab. 1.	 Absolute (G298) and relative (ΔG298) Gibbs 
energies at 298 K of the deprotonated iri-
notecan carboxylate forms (III) at various 
sites and their relative abundance (Pi) based 
on Boltzmann statistical distribution.

Site G298 [Hartree] ΔG298 [kJ/mol] Pi

O17 –2026.46179 218.42 5.41 × 10–39

O20 –2026.50356 108.75 8.85 × 10–20

O21 –2026.54498     0.00 1.00

In the next step, a Cu2+ ion was placed in the vicin-
ity of heteroatoms (ca 1.7 Å distance) of the above 
mentioned molecules, i.e., N1 (a), N4 (b), O16a (c), 
O20 (d), O21 (e), O17 (f), O10 (g), O1’(h), N2’(i) or N8’(j) 

sites in model complexes with ligands I, II and III 
in agreement with our previous studies (Steklac and 
Breza, 2021, 2022, 2022a). Thus obtained geom-
etry optimization of the 2[L…Cu]q complexes leads 
to stable structures with QTAIM molecular graphs 
presented in (Steklac and Breza, 2022a) for L being 
the neutral lactone I ligand (q = +2), in Figs. 4—5 for 
L being the neutral carboxyl ligand II (q = +2), and 
in Figs. 6—7  for L being the anionic carboxylate 
ligand III (q = +1). Notation of these complexes (see 
Table 2) is related to the Cu-bond sites mentioned 
above.
No model complexes with Cu bound to the N4 site 
have been found. Similarly as in the case of camp-
tothecin (Steklac and Breza, 2021), the Cu—O17 
bonding is absent in case of neutral lactone ligand 
I and the formation of Cu(II) complexes with 
carboxylate form III leads to the release of CO2 
(except for models IIIe and IIIef with Cu—O21 

bonding, see Table 2 and Figs. 6—7). Interactions 
with neighboring electron-accepting molecules 
can decrease electron density at the relevant ac-
tive sites of carboxylate forms of camptothecins 
and cause their decarboxylation (and decay) and 
therefore contribute to the decrease in the con-
centrations of the active lactone form (Steklac and 
Breza, 2021).

Fig. 2. DFT structure of neutral irinotecan carboxyl II (carbon — black, hydrogen — white, 
nitrogen — blue, oxygen — red).

Fig. 3. DFT structure of anionic irinotecan carboxylate II (carbon — black, hydrogen — white, 
nitrogen — blue, oxygen — red).
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IIh

Fig. 4. Bond paths and critical points of electron density in IIa, IIe, IIg, and IIh model systems 
(carbon — black, hydrogen — white, nitrogen — blue, oxygen — red, bond critical point — small red, 

ring critical points — yellow, cage critical point — green).

IIa

IIe

IIg

If the Cu atom is bound to a single atom only, the 
extent of the corresponding electron density transfer 
from the active site to Cu can be accurately evalu-
ated. Unfortunately, such cases are rare, and the Cu 
atom is often bound to two atoms. The H atom basis 
sets were not augmented with any polarization and 
diffusion functions in order to weaken the undesir-
able Cu—H bonds (collateral with desired Cu—O or 
Cu—N bonds), their lengths are greater than 2.2 Å 
(except for the Ig and IIg systems) and so the H con-
tribution to the complete electron density transfer 
to Cu are usually very small (compare (Steklac and 
Breza, 2021, 2022, 2022a)). Unfortunately, undesir-
able Cu—C bonding (collateral with desired Cu—O 

bonding) with shorter bond lengths (comparable 
to the Cu—O ones) and a relevant C → Cu electron 
density transfer (compare (Steklac and Breza, 2021, 
2022, 2022a)) is problematic and pure contributions 
of the active O sites to complete electron density 
transfer to Cu cannot be distinguished. Therefore, 
the Id, IIId, Ih, IIh, IIIh and IIef2  systems are 
hardly usable for our purpose. Even though in the 
systems with Cu bound to two or three O sites (IIcf, 
IIIcf, IIef1, and IIIef), their pure contributions can-
not be separated, they can at least be used for mutual 
comparisons of carboxyl and carboxylate ligands.
In our studies on the cytotoxicity of substituted 
phenols (Steklac and Breza, 2021a, 2021b, 2021c), 
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IIef2

Fig. 5. Bond paths and critical points of electron density in IIi, IIj, IIcf, IIef1, and IIef2 model systems 
(carbon — black, hydrogen — white, nitrogen — blue, oxygen — red, bond critical point — small red, 

ring critical points — yellow, cage critical point — green).

IIi

IIj

IIcf

IIef1

higher toxicity was shown to be connected with 
more negative interaction energies Eint. According 
to our results (Table 3), Eint values for the neutral 
irinotecan carboxyl ligand II are more negative 
than for the neutral lactone ligand I, but signifi-
cantly less negative than for the anionic carboxylate 

ligand III. An analogous relation has been observed 
for camptothecin (Steklac and Breza, 2021). Both 
neutral forms of camptothecin exhibit less negative 
Eint values than irinotecan, unlike the negative car-
boxylate form. As expected, bonding to two O sites 
is connected with more negative Eint values than in 
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IIIh

Fig. 6. Bond paths and critical points of electron density in IIIa, IIId, IIIe, and IIIh model systems 
(carbon — black, hydrogen — white, nitrogen — blue, oxygen — red, bond critical point — small red, 

ring critical points — yellow, cage critical point — green).

IIIa

IIId

IIIe

the case of bonding to a single O site only. The least 
negative Eint values were found for Cu—O10 and 
Cu—N2’ bonds, which are missing in analogous 
camptothecin systems (Steklac and Breza, 2021).
Positive QTAIM charges of copper atoms in the 
Cu(II) complexes with substituted phenols decrease 
with their cytotoxicity due to increasing ligand → Cu 
electron density transfer (Steklac and Breza, 2021a, 
2021b, 2021c). Analogously to our previous study on 
camptothecin (Steklac and Breza, 2021), average Cu 
charges in the complexes with the anionic irinotecan 
carboxylate ligand III are lower than in case of 

neutral irinotecan lactone I and carboxyl II ligands 
(Table 4). Nevertheless, the lowest Cu charges cor-
respond to IIIi and IIIj systems (missing in camp-
tothecin complexes), whereas the most positive Cu 
charges are found in IIId and IIIef complexes. Un-
like camptothecin complexes, non-vanishing Cu spin 
populations can be found only in anionic irinotecan 
carboxylate complexes IIId, IIIi, IIIj, and IIIef.
BCP Laplacians of Cu-ligand bonds in Cu complex-
es of substituted phenols (Steklac and Breza, 2021a, 
2021b, 2021c) increase with their toxicity. Their 
values for Cu—H bond paths are very low (Table 5) 
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IIIef

Fig. 7. Bond paths and critical points of electron density in IIIi, IIIj, IIIcf, and IIIef model systems 
(carbon — black, hydrogen — white, nitrogen — blue, oxygen — red, bond critical point — small red, 

ring critical points — yellow, cage critical point — green).

IIIi

IIIj

IIIcf

except for Ig and IIg complexes with too short 
bond lengths. BCP Laplacians of Cu—C bonds are 
relatively high in comparison with the Cu—O ones, 
restricting the use of the Id, IIId, IIe, Ih, IIh, IIIh 
and IIef2 complexes for our purpose. Our results 
indicate the highest electron density transfer from 
the O21 and O16a sites, while the lowest one from N2’, 
N8’, and O10 sites.
Similarly to camptothecin (Steklac and Breza, 2021), 
most trends of MPA charges of Cu atoms in Cu(II) 

complexes of various forms of irinotecan (Table 6) 
are similar to those of QTAIM. Cu charges of ani-
onic carboxylate III complexes are lower than those 
of the complexes with neutral ligands I and II. 
Except for the IIIef system, the highest Cu charges 
are found in the complexes with Cu—C bonds. The 
lowest Cu charges are observed for IIIi and IIIj 
complexes with Cu—N bonds to piperidine rings. 
Non-vanishing Cu spin populations are again ob-
served in IIId, IIIi, IIIj and IIIef complexes of the 
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Tab. 2.	 Description of Cu model complexes with lactone (I), carboxyl (II), and carboxylate (III) ligands 
(see Fig. 1 for atom notation).

 I (Steklac and Breza, 2022) II III

Site Model
Bond 

path
Distance [Å] Model

Bond 

path

Distance 

[Å]
Model

Bond 

path

Distance 

[Å]

N1 Ia
Cu—N1 

Cu—H14

1.879 

2.223
IIa

Cu—N1 

Cu—H14

1.877 

2.208
IIIaa) Cu—N1 

Cu—H14

1.867 

2.288

O16a Ic
Cu—O16a 

Cu—H5

1.830 

2.542
– – – – – –

O20 Id
Cu—O20 

Cu—C14

2.061 

1.988
– – – IIIda) Cu—O20 

Cu—C15

1.839 

2.020

O21 Ie Cu—O21 1.865 IIe
Cu—O21 

Cu—C14

2.081 

2.031
IIIe Cu—O21 1.848

O10 Ig
Cu—O10 

Cu—H6’

1.954 

1.674
IIg

Cu—O10 

Cu—H6’

1.954 

2.066
– – –

O1’ Ih
Cu—O1’ 

Cu—C11

1.977 

1.982
IIh

Cu—O1’ 

Cu—C11

1.970 

1.981
IIIha) Cu—O1’ 

Cu—C11

1.956 

1.986

N2’ Ii Cu—N2’ 1.925 IIi Cu—N2’ 1.923 IIIia) Cu—N2’ 1.965

N8’ Ij Cu—N8’ 1.927 IIj Cu—N8’ 1.927 IIIja) Cu—N8’ 1.952

O16a, O17 – – – IIcf
Cu—O16a 

Cu—O17

1.909 

1.962
IIIcf a) Cu—O16a 

Cu—O17

1.885 

1.945

O17, O21 – – – IIef1
Cu—O17 

Cu—O21

1.906 

1.870
IIIef

Cu—O17 

Cu—O21

1.895 

1.832

– – –
IIef2 Cu—O17 

Cu—O(H)21 

Cu—C18

1.926 

2.597 

2.128

– – –

a)CO2 release

Tab. 3.	 Interaction energies in model complexes of Cu with lactone (I), carboxyl (II) and carboxylate (III) 
ligands (see Fig. 1 for atom notation).

I (Steklac and Breza, 2022) II III

Site Model Eint [kJ/mol] Model Eint [kJ/mol] Model Eint [kJ/mol]

N1 Ia –1368 IIa –1378 IIIaa) –1975

O16a Ic –1338 – – – –

O20 Id –1369 – – IIIda) –1890

O21 Ie –1353 IIe –1404 IIIe –1905

O10 Ig –1219 IIg –1255 – –

O1’ Ih –1376 IIh –1397 IIIha) –2040

N2’ Ii –1225 IIi –1255 IIIia) –1901

N8’ Ij –1364 IIj –1395 IIIja) –1997

O16a, O17 – – IIcf –1464 IIIcf a) –2060

O17, O21 – – IIef1 –1479 IIIef –1976

– – IIef2 –1461 – –

Average – –1326 –1388 –1968

a)CO2 release

Štekláč M et al., DFT studies of camptothecins cytotoxicity IV…
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Tab. 4.	 QTAIM charges and spin populations of Cu atoms in model complexes of Cu with lactone (I), 
carboxyl (II) and carboxylate (III) ligands (see Fig. 1 for atom notation).

I (Steklac and Breza, 2022) II III

Site Model Charge Spin Model Charge Spin Model Charge Spin

N1 Ia 0.744   0.000 IIa 0.739   0.000 IIIaa) 0.719 0.000

O16a Ic 0.780   0.000 – – – – – –

O20 Id 0.742   0.001 – – – IIIda) 0.902 0.343

O21 Ie 0.815   0.000 IIe 0.740   0.001 IIIe 0.727 0.000

O10 Ig 0.764   0.000 IIg 0.821   0.000 – – –

O1’ Ih 0.800   0.002 IIh 0.800   0.002 IIIha) 0.782 0.001

N2’ Ii 0.750 –0.001 IIi 0.747 –0.001 IIIia) 0.496 0.288

N8’ Ij 0.678   0.000 IIj 0.677   0.000 IIIja) 0.491 0.222

O16a, O17 – – – IIcf 0.797   0.028 IIIcf a) 0.756 0.010

O17, O21 – – – IIef1 0.770   0.001 IIIef 0.857 0.188

– – – IIef2 0.727   0.000 – – –

Average – 0.759   0.000 – 0.758   0.003 – 0.716 0.132

a)CO2 release

Tab. 5.	 Laplacians of BCP electron density of Cu-ligand bonds in model complexes of Cu with lactone (I), 
carboxyl (II) or carboxylate (III) ligands (see Fig. 1 for atom notation).

I (Steklac and Breza, 2022) II III

Site Model
Bond 

path

∇2ρ [e/

bohr5]
Model Bond path

∇2ρ [e/

bohr5]
Model

Bond 

path

∇2ρ [e/

bohr5]

N1 Ia
Cu—N1 

Cu—H14

0.513 

0.068
IIa

Cu—N1 

Cu—H14

0.515 

0.070
IIIaa) Cu—N1 

Cu—H14

0.521 

0.060

O16a Ic
Cu—O16a 

Cu—H5

0.664 

0.040
– – – – – –

O20 Id
Cu—O20 

Cu—C14

0.346 

0.192
– – – IIIda) Cu—O20 

Cu—C15

0.599 

0.163

O21 Ie Cu—O21 0.627 IIe
Cu—O21 

Cu—C14

0.563 

0.327
IIIe Cu—O21 0.636

O10 Ig
Cu—O10 

Cu—H6’

0.492 

0.256
IIg

Cu—O10 

Cu—H6’

0.492 

0.262
– – –

O1’ Ih
Cu—O1’ 

Cu—C11

0.449 

0.215
IIh

Cu—O1’ 

Cu—C11

0.460 

0.215
IIIha) Cu—O1’ 

Cu—C11

0.480 

0.221

N2’ Ii Cu—N2’ 0.423 IIi Cu—N2’ 0.439 IIIia) Cu—N2’ 0.366

N8’ Ij Cu—N8’ 0.430 IIj Cu—N8’ 0.434 IIIja) Cu—N8’ 0.415

O16a, O17 – – – IIcf
Cu—O16a 

Cu—O17

0.562 

0.489
IIIcf a) Cu—O16a 

Cu—O17

0.610 

0.518

O17, O21 – – – IIef1
Cu—O17 

Cu—O21

0.584 

0.603
IIIef

Cu—O17 

Cu—O21

0.608 

0.679

– – IIef2
Cu—O17 

Cu—O(H)21 

Cu—C18

0.540 

0.084 

0.230

– – –

a)CO2 release
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Tab. 6.	 MPA charges and spin populations of Cu atoms in model complexes of Cu with lactone (I), 
carboxyl (II) and carboxylate (III) ligands (see Fig. 1 for atom notation).

I (Steklac and Breza, 2022) II III –

Site Model Charge Spin Model Charge Spin Model Charge Spin

N1 Ia 0.863 0.000 IIa 0.857 0.000 IIIaa) 0.836 0.000

O16a Ic 0.816 0.000 – – – – – –

O20 Id 0.918 0.001 – – – IIIda) 1.040 0.315

O21 Ie 0.821 0.000 IIe 0.934 0.001 IIIe 0.715 0.000

O10 Ig 0.881 0.000 IIg 0.879 0.000 – – –

O1’ Ih 0.999 0.002 IIh 0.999 0.000 IIIha) 0.977 0.002

N2’ Ii 0.846 -0.001 IIi 0.843 -0.001 IIIia) 0.553 0.337

N8’ Ij 0.803 0.000 IIj 0.802 0.000 IIIja) 0.573 0.273

O16a, O17 – – – IIcf 0.864 0.028 IIIcf a) 0.816 0.007

O17, O21 – – – IIef1 0.829 0.001 IIIef 0.900 0.179

– – – IIef2 0.836 0.000 – – –

Average – 0.878 0.000 0.871 0.003 0.801 0.139

a)CO2 release

anionic carboxylate ligand, which is in agreement 
with the QTAIM data. Average MPA Cu charges 
are lower than in analogous forms of camptothecin 
(Steklac and Breza, 2021).

Conclusions

Our results indicate high similarity between active 
and inactive forms of camptothecin (Steklac and 
Breza, 2021) and irinotecan. In both cases, no 
Cu—N4 bonds were found and the Cu—O17 bond 
is absent in the complexes of the neutral lactone 
ligand. The formation of Cu(II) complexes with 
the anionic carboxylate ligand leads to the release 
of CO2 in both cases. This corresponds to the in-
teraction with electron acceptors in real solutions 
and the decrease in the concentration of lactone 
forms because of the equilibria between all forms 
of the drug. Absolute values of interaction energies 
and electron density transfer to Cu increase in the 
sequence lactone < neutral carboxyl < anionic car-
boxylate. In analogy with our studies on substituted 
phenols and quinones (Steklac and Breza, 2021a, 
2021b, 2021c), cytotoxicity should exhibit the same 
trend. Both neutral forms of irinotecan exhibit 
more negative interaction energies than those of 
camptothecin, unlike the anionic carboxylate form. 
The lowest electron density transfer irinotecan → Cu 
is from N2’, N8’, and O10 sites which are not present 
in camptothecin.
We plan to extend the above studies to other camp-
tothecin derivatives and their forms to contribute 
to better understanding the electronic structure 
factors of drug cytotoxicity that cannot be dis-
tinguished from pharmacokinetic factors in the 
experimental data.
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Abstract: Soil-borne pathogenic fungi responsible for serious damage in agriculture are widely distributed. 
Traditional approach to control these pathogens leads to the use of chemical fungicides, many of which have 
proven harmful side effects on the environment. Mycoparasitic fungi of the genus Trichoderma have been used 
for pathogens biocontrol as well as for their ability to promote plant growth. As increased mycoparasitic activity 
of mutant strain Trichoderma atroviride F742 has been observed, its use as a biocontrol agent might be considered. 
In this work, we focused on mycoparasitic activity of the strain T. atroviride F742 prepared by UV mutagenesis 
(from parental strain T. atroviride F534) and the physiological role of T. atroviride metabolites in antibiosis.
T. atroviride F742 shows remarkable mycoparasitic activity attacking and colonizing phytopathogens (Alternaria 
alternata, Botrytis cinerea, Fusarium culmorum). Its isolated metabolites inhibit the growth of bacteria, yeasts, 
and fungi Candida albicans, A. alternata and F. culmorum. As different expression patterns in the secondary 
metabolites production of ABC transporters have been observed, we suggest their role in transport of 
secondary metabolites produced by T. atroviride F742.

Keywords: Trichoderma sp., secondary metabolites, mycoparasitism, ABC transporters, antimicrobial potential 
of produced metabolites

Introduction

Soil pathogenic fungi can cause serious damage in 
agriculture (Yu et al., 2021). Traditional approach 
to pathogen eradication involves the use of chemi-
cal fungicides, which have often been shown to 
have harmful side effects on the environment. An 
attractive way of reducing the concentration of 
chemical fungicides in agriculture is their combi-
nation with biocontrol strains (Howell, 2003; Sood 
et al., 2020). One of the possibilities for biocontrol 
are mycoparasitic fungi of the genus Trichoderma 
(Mukherjee et al., 2012; Poveda et al., 2020) which, 
apart from their mycoparasitic activity, protect 
plants and promote their growth (Raaijmakers et 
al., 2009; Aime et al., 2013).
Trichoderma sp. mycoparasitism is a result of com-
bined processes including the production of anti-
fungal secondary metabolites (Dennis and Webster, 
1971; Claydon et al., 1987; Schirmböck et al., 1994; 
Lorito et al., 1996; Vinale et al., 2008), competition 
of nutrients (Chet, 1987), changes in morphologi-
cal structure such as coiling, curling, and formation 
of appresorium-like structures (Elad et al., 1983; Lu 
et al., 2004).
Fungal antibiosis is strongly connected to the 
secretion of enzymes, antibiotics, and various 
secondary metabolites. Studies on suppression 
of plant pathogens have identified many differ-
ent molecules involved in this process (Vey et 
al., 2001; Benitez et al., 2004; Khan et al., 2020), 

including peptaibols, 6-pentyl-a-pyrone, viridin, 
gliovirin, glisoprenins, gliotoxin, and various 
others. Apart from being toxic to pathogens (Pas-
cale et al., 2020; Raaijmakers et al., 2009), these 
compounds are also involved in the promotion 
of plant growth (Lee et al., 2016). Polyketides, 
including polyphenols, anthraquinones, mac-
rolides, polyenes, enediynes and polyethers, rep-
resent a highly diverse group of molecules with 
carbon skeletons. Considering the structural and 
functional diversity of polyketides, their synthesis 
is a result of controlled assembly of acetate and 
propionate. Trichoderma sp. genome contains 
more orthologues of polyketide synthase (PKS) 
genes with polyketide playing an important role 
in the fungus biology. Genomes of T. atroviride 
and T. virens contain 18  PKSs while the T. reesei 
genome has 11 PKSs (Baker et al., 2012). However, 
insufficient knowledge of secondary metabolites 
and their involvement in the antagonism has to 
be considered. A possible role in the antagonism 
is indicated by the expression of two T. atroviride 
PKS genes during the confrontation with plant 
pathogen Rhizoctonia solani (Mukherjee et al., 
2012; Roveda et al., 2020).
While the production and secretion of antimicro-
bial compounds is an important factor of fungal 
antagonism, natural ability to protect themselves 
against toxins must be considered. The expression 
of ABC transporters enables protection against 
various phytopathogen toxins. Their detoxification 
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function is well known, but their other physiologi-
cal functions need to be further investigated. It is 
known that ABC transporters are not restricted to 
one particular substrate/s (Higgins, 2001). This 
diversity of substance specificity is reflected in the 
variety of physiological roles played by ABC trans-
porters in the cell. There is a significant role of 
each ABC transporter in the export of a variety of 
secondary metabolites (including those participat-
ing in antagonistic interactions), waste products or 
toxins from the cell. For example, deletion mutants 
of T. atroviride Taabc2 (G family ABC transporter) 
showed decreased resistance to fungal inhibitory 
compounds and their ability to protect tomato plants 
from Pythium ultimum and R. solani was impaired 
(Alfiky et al., 2021; Ruocco et al., 2009). In addition, 
null mutation of gene CrabcG5  Clonostachys rosea 
decreased the antagonism action against Fusarium 
graminearum, which resulted in unsuccessful pro-
tection of barley seedlings from foot rot diseases 
(Dubey et al., 2014a).
In this work, we focused on mycoparasitic activ-
ity of the strain T. atroviride F742 prepared by UV 
mutagenesis in confrontation with three different 
phytopathogens (Alternaria alternata, Botrytis cinerea, 
Fusarium culmorum). Secondary metabolites were 
isolated to determine their role in antibiosis and to 
design their possible transport mechanism via ABC 
transporters.

Materials and methods

Microorganisms and culture conditions
Fungal strains of T. atroviride CCM F534, T. atro-
viride CCM F742, A. alternata CCM F128, B. cinerea 
CCM F16, and F. culmorum CCM F21  were main-
tained on potato/dextrose/agar (PDA, Biolife, 
Italy) plates at 25 °C prior to their use in the experi-
mental procedures. Bacteria (Escherichia coli CCM 
3988, Pseudomonas aeruginosa CCM 1955, Proteus 
vulgaris CCM 1955, Enterobacter cloacae CCM 1903, 
Staphylococcus aureus CCM 3953, S. epidermidis CCM 
4505) were maintained on Mueller-Hinton/Agar 
(MHA, Biolife, Italy) plates at 37 °C prior to their 
use in the experiments. All fungal and bacterial 
strains were obtained from the Czech Collection 
of Microorganisms. Model yeast Candida albicans 
SC 5314/ATCC MYA-2876 and Candida parapsilosis 
ATCC 22019  were obtained from the American 
Type Culture Collection and were maintained on 
Sabouraud agar (SDA, Biolife Italy) at 30 °C prior 
to their use in the experiments.

Dual culture assay
To examine the antagonistic activity of T. atroviride 
F742  against three phytopathogenic fungi, a dual 

culture assay was performed. Mycelial discs (5 mm 
diam.) of both mycoparasite (T. atroviride F742) and 
phytopathogen cultures were taken from the edge 
of actively growing colonies (48 h) and placed on 
the opposite site of fresh PDA 1.5 cm from the edge 
of the Petri dish. Fungal colonies were incubated 
for ten days in dual culture. After the confrontation 
of filamentous fungi, the antagonistic interaction 
was evaluated in terms of the mycoparasite growth 
over the phytopathogen (i), conidiation of the 
mycoparasitic fungus (ii) as well as conidiation on 
the phytopathogen colony (iii), according to Bell et 
al. (1982). To determine the microbistatic or micro-
bicidal effect on phytopathogens, discs were taken 
from the confrontation zone after ten days of cul-
tivation and placed on fresh PDA growth medium 
with benomyl (5 μg·mL–1, blocking any Trichoderma 
sp. growth, but not the phytopathogen; MIC of 
benomyl = 1 μg·mL–1 with microbistatic effect on 
Trichoderma sp., data not shown). If the growth of 
the phytopathogen was not observed after four 
days of cultivation, a disc of mycelium was taken 
and placed into 1 mL of Tween 80 solution, briefly 
shaken on vortex to release conidia and 250 μL was 
spread onto PDA plates. After 48 hours, the colo-
nies of fungi grown from conidia were counted.

Transcriptomic analysis of ABC transporters during 
the production of secondary metabolites
During the secondary metabolites production on 
PDA growth medium covered with cellophane, the 
mycelium was harvested after 1st, 2nd and 3rd week. 
After being frozen in liquid nitrogen, 100  mg of 
mycelium was homogenized to powder. RNA was 
then extracted using the TRI reagent method 
(Sigma Aldrich, USA). After DNAase treatment 
(Qiaqen, USA) RNA was used for cDNA synthesis 
with the Masterscript RT-PCR System (5  Prime, 
USA). cDNA was subsequently used for the PCR 
reaction (PerfectTaq Plus DNA Polymerase kit, 
5 Prime, Germany) with cycling procedure as fol-
lows: initial denaturation at 94 °C for 2 min; 30 cy-
cles of denaturation at 94 °C for 30 s; appropriate 
annealing temperature for each primer set (Tab. 1) 
for 30 s; synthesis at 68 °C for 1 min; and further 
final synthesis of 10  min at 68  °C. The obtained 
PCR products were subjected to electrophoresis 
in 1.3 % agarose gel and visually shown under UV 
light (UVP Cambridge, UK).

Secondary metabolites extraction
Secondary metabolites T. atroviride F742 were isolated 
after cultivation on PDA growth medium inoculated 
on cellophane and cultivated for 21 days. Metabolites 
produced in the growth medium were then extracted 
with ethyl acetate. The organic fraction was dried 
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(Na2SO4), vaccum-concentrated at 40 °C to get a 
solid/oil-like residue, which was then diluted in 
1 mL of ethyl acetate. The metabolites were visual-
ized using thin layer chromatography (200 μm thick 
aluminum TLC plates, Silica gel 60F254; Merck 
Schüchardt, Germany), with 5 μL of metabolite ex-
tract. The plates were developed in a solvent system 
containing benzene and acetone (3:1). The second-
ary metabolites were then visualized in a visible 
spectrum and under UV light. Metabolite extract 
was then transferred into a microtube, dried under 
reduced pressure at 40  °C, weighed and diluted in 
1 mL of DMSO, and used for the detection of anti-
microbial activity.

Antimicrobial activity of isolated 
secondary metabolites
Sensitivity of bacterial strains and yeasts was deter-
mined by the broth micro-dilution method (CLSI, 
1996; 2014). Antifungal activity (filamentous fungi) 
was evaluated by the macrodillution method (Du-
dová et al., 2002).

Biofilm formation in vitro
Biofilm formation was assayed by crystal violet 
staining in a 96-well polystyrene microtiter plate. In 
short, C. albicans was cultivated for 16 h (overnight 
inoculum) in Sabouraud broth (SB, Biolife Italy) 
supplemented with 2  % glucose under shaking 
(200 rpm). The culture was diluted to cell density 
of 107/mL into SB and 198 µL aliquots of fresh di-
luted cells were added into wells of a 96-flat bottom 
well polystyrene microplate (Sarstedt, Nümbrecht, 
Germany). For the biofilm inhibition assay, 2  µL 
of secondary metabolites (final concentration of 

2.5—10 µL·mL–1) were added to 198 µL of inoculat-
ed SB medium. As the control, DMSO (1 %) treated 
cells were used. First, cells were cultivated without 
shaking at 37 °C for 2 h (phase of adherence). After 
2  h, the culture medium was replaced by a fresh 
one (supplemented with metabolites), so only the 
cells that adhered to the plate surface formed the 
biofilm. The plates were then incubated without 
shaking at 37 °C for 48 h. The biofilm-coated wells 
were washed twice with 200 μL of PBS and then air 
dried for 15 min. Washed wells were stained with 
110 μL of 0.4 % aqueous crystal violet solution for 
15 min. Afterwards, each well was washed four times 
with 350 μL of sterile distilled water and immedi-
ately washed with 200  μL of 95  % ethanol. After 
15 min of washing, 100 μL of the washing solution 
were transferred to a new well and the amount of 
the crystal violet stain in the washing solution was 
measured with a microtiter plate reader at 570 nm. 
Biofilm intensity was evaluated according to the 
observed absorbance values as weak, medium, or 
strong  — [A570 <0.1—0.29> weak biofilm forma-
tion; A570 <0.3—0.5> medium biofilm formation; 
A570 >0.5  strong biofilm formation]. All experi
ments were performed in six parallel measurements.

Results

The model strain T. atroviride F742  was gained 
by UV mutagenesis from the parental strain T. 
atroviride F534  (Betina et al., 1986) and is charac-
terized by brown conidia and the production of 
brown-red pigment (Fig. 1, Fig. 2) consisting of 
1-acetyl-2,4,5,7-tetrahydroxyanthraquinone which 
is characterized by Rf = 0.32 (Betina et al., 1986).

Fig. 1. Production of brown-red pigment during three weeks of T. atroviride F742 cultivation 
on PDA growth medium.

Pagáč T et al., Study on secondary metabolites of Trichoderma atroviride F742…
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 standard  1 week  2 weeks  3 weeks           standard  1 week  2 weeks  3 weeks

Fig. 2. Production of brown-red pigment — 1-acetyl-2,4,5,7-tetrahydroxyanthraquinone and other 
secondary metabolites, by Trichoderma atroviride F742 on PDA growth medium visualized on TLC plates 

under VIS light (left) and UV light (right).

Fig. 3. Mycoparasitic activity of Trichoderma atroviride F742 against phytopathogens. At contact — the first 
picture shows the primary contact of model fungi, while the second picture shows slight overgrowth of 
phytopathogen. After colonization — the first picture shows overgrowth of the phytopathogen and the 

second picture manifest full colonization of model fungus.

In this work, increased mycoparasitic activity of 
T.atroviride F742 has been observed when compared 
to that of the parental strain T. atroviride F534 

(Fig. 3). Parental strain T. atroviride F534 is able to 
inhibit the growth of all model phytopathogens but 
it is not able to overgrow them. On the other hand, 

Pagáč T et al., Study on secondary metabolites of Trichoderma atroviride F742…
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as it is shown in Fig. 3, T. atroviride F742 is able to 
attack and colonize all model phytopathogens.
The results of mycoparasitic interaction and conidi-
ation of the mycoparasite on the phytopathogen 
colony are summarized in Tab. 1. Phytopathogens 
were intensively colonized by T. atroviride F742, 
with intense conidiation on the phytopathogen sur-
face. The effect of mycoparasite on phytopathogens 
was estimated as lethal  — there was no growth of 
phytopathogen observed after the mycelium disk 
was taken from the overgrown area and placed 
on the PDA growth medium supplemented with 
benomyl (5  μg·mL–1). The benomyl concentra-
tion of 5 μg·mL–1 is fungistatic for Trichoderma sp. 
(including T. atroviride F742) but does not inhibit 
the growth of the phytopathogen. The fungistatic 
benomyl concentration for phytopathogens is above 
10 μg·mL–1 (Kubová et al., 2022). The phenotype 
difference between the mutant and the parental 
strain is mainly in the different conidial color 
followed by the spectra of secondary metabolites 
(Fig.  2) with Rf factors of 0.32  (1-acetyl-2,4,5,7-
tetrahydroxyanthraquinone), 0.4 and 0.516. In this 
work, the physiological role of secondary metabo-
lites reflecting their role in antibiosis as well as the 
potential transport system for secondary metabo-
lites, the ABC transporters, were investigated.
The transcriptomic profile of ABC transporters 
type G (Taabc2—Taabc9) and MDR transporters 
(MDR1—MDR8) (Kubová et al., 2022) were deter-
mined together with anthraquinone and other sec-

ondary metabolites production. Induction of PDR 
genes expression was observed for Taabc9, Taabc2, 
and Taabc7  after the first week of cultivation 
(Fig. 5), while the expression of MDR genes MDR6, 
MDR4, MDR2, MDR1, and MDR5  (Fig. 6) was 
observed at a later exponential phase, the highest 
gene expression was observed during the stationary 
phase (after 2nd and 3rd week), which correlates with 
the production of secondary metabolites (Fig. 2).
As the synergy of the produced secondary metabo-
lites may contribute to antibiosis with other micro-
organisms, antimicrobial potential of T. atroviride 
F742 metabolites is also shown in our study. Anti-
microbial activity was assayed on model bacteria, 
yeasts, and phytopathogenic fungi. Inhibition of 
E. coli, S. aureus and S. epidermidis were observed 
(Tab. 2), with the highest susceptibility of E. coli 
(58  % growth inhibition). Growth inhibition of 
three phytopathogens, B. cinerea, A. alternata, and 
F. culmorum, in the presence of isolated metabolites 
was monitored via the macrodilution method. The 
growth of B. cinerea was not affected, but partial 
inhibition (30 %) of A. alternata and F. culmorum was 
observed after three days. Model yeast C. albicans 
was also inhibited (40 %) by the sum of metabolites 
(Tab. 3). As candidiasis is often followed by biofilm 
formation, the potential of C. albicans biofilm 
eradication by the sum of secondary metabolites 
was studied. The biofilm was partially eradicated by 
the sum of secondary metabolites as shown in Tab. 
4. In comparison with the control (no metabolites, 

Tab. 1.	 Mycoparasitic activity of Trichoderma atroviride F534 and Trichoderma atroviride F742 in dual culture 
assay.

Strain B. cinerea A. alternata F. culmorum

Pathogen colonizationa

T. atroviride F534 1 1 1

T. atroviride F742 3 3 3

Conidiation on plateb

T. atroviride F534 1 1 1

T. atroviride F742 3 3 3

Conidiation on pathogen colonyc

T. atroviride F534 1 1 1

T. atroviride F742 3 3 3
a0 — Mycoparasite does not grow over the phytopathogen colony. 1 — mycoparasite partly grows over the phytopathogen 
colony (5—20 mm from the zone of contact of both micromycetes). 2 — mycoparasite grows over the phytopathogen colony 
(21—40 mm from the zone of contact). 3 — mycoparasite intensely colonizes the surface of the phytopathogen (41—60 mm 
from the zone of contact).
b0  — Mycoparasite does not form conidia outside the phytopathogen colonies. 1  — weak conidiation of the mycoparasite 
outside the phytopathogen colonies (10—100 conidia per cm2), 2 — conidiation of the mycoparasite outside the phytopathogen 
colonies (103—104 conidia per cm2), 3 — intense conidiation of the mycoparasite beyond the phytopathogen (105—106 conidia 
per cm2).
c0 — Mycoparasite does not form conidia outside the phytopathogen colonies. 1 — weak conidiation of the mycoparasite outside 
the phytopathogen colonies (10—100 conidia per cm2), 2 — conidiation of the mycoparasite outside the phytopathogen colonies 
(103—104 conidia per cm2), 3 — intense conidiation of the mycoparasite beyond that of the phytopathogen (105—106 conidia 
per cm2).

Pagáč T et al., Study on secondary metabolites of Trichoderma atroviride F742…
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Fig. 5 Transcriptomic analysis of ABC transporter (ABC G-family) genes Taabc2—Taabc9 
of T. atroviride F742 during three-week cultivation on PDA growth medium.

Fig. 6 Transcriptomic analysis of MDR transporter (ABC B-family) genes MDR1—MDR8 
of T. atroviride F742 during three-week cultivation on PDA growth medium.

Pagáč T et al., Study on secondary metabolites of Trichoderma atroviride F742…



18

1  % DMSO), the intensity of biofilm formation 
decreased from strong to weak. Apart from their 
mycoparasitic activity, fungal strain T. atroviride 
F742 is also a potential source of new antimicrobial 
compounds as it is shown in this study.

Tab. 2.	 Antibacterial activity of extracted secondary 
metabolites (10 µL·mL–1).

Microorganism Growth (%)

Escherichia coli CCM 3988   42

Proteus vulgaris CCM 3955 100

Enterobacter cloacae CCM 1903 100

Staphylococcus aureus CCM 3953   50

Staphylococcus epidermidis CCM 4505   65

Tab. 3.	 Antifungal activity of extracted secondary 
metabolites (10 µL·mL–1).

Microorganism Growth (%)

Candida albicans SC 5314   60

Candida parapsilosis ATCC 22019 100

Alternaria alternata CCM F397   70

Fusarium culmorum CCM F21   70

Botrytis cinerea CCM F314 100

Tab. 4.	 Intensity of C. albicans biofilm in the pres-
ence of the sum of secondary metabolites 
of T. atroviride F742.

Metabolites
Intensity 

of formed biofilm
A570

10 µL·mL–1 Weak 0.298

5 µL·mL–1 Medium 0.320

2.5 µL·mL–1 Medium 0.421

Control (1 % DMSO) Strong 1.394

Discussion

Management of fungal diseases of food crops and 
fruits attracts more and more attention as soil-
borne pathogenic fungi are widely distributed and 
are responsible for serious damages in agriculture 
(Rossman, 2009; Yu et al., 2021). Phytopathogenic 
fungi are not only responsible for plant diseases, 
but some representatives of Fusarium sp., Aspergillus 
sp., Penicillium sp., are able to produce mycotoxins 
while growing on plants, which can seriously 
endanger consumers’ health. The fight against 
phytopathogenic fungi is based on traditional ap-
proach  — the use of chemical fungicides, which 
have been a very effective “weapon in the fight” 
against soil-borne fungal pathogens.
In recent years, environmental hazards caused 
by excessive use of pesticides have been widely 

discussed; therefore, scientists in the agricul-
tural field are searching for alternative measures 
against pesticides. Furthermore, shortly after the 
introduction of site-specific fungicides into the 
plant protection management, resistance develop-
ment in the pathogen populations was observed, 
leading to the loss of primary active fungicides 
(McBeath et al., 2010; Su et al., 2021). These find-
ings strongly support more eco-friendly approach 
with the use of biological control as a potential 
tool to minimize the risk on human health and 
environment.
Mycoparasitic fungi of the genus Trichoderma 
have been used for biocontrol of pathogens like 
Rhizoctonia solani, Sclerotium rolfsii and Botrytis ci-
nerea (Mukherjee et al., 2012; Roveda et al., 2020). 
Apart from their mycoparasitic activity, they pro-
tect plants by inducing a plant defensive system 
and promoting plant growth (Raaijmakers et al., 
2009; Aime et al., 2013; Pascale et al., 2020). Our 
study has focused on the fungal strain T. atroviride 
F742  prepared by UV mutagenesis as a potential 
biocontrol agent for its use in environmentally 
friendly crops protection. In comparison with the 
parental strain, the characteristic feature of mutant 
strain T. atroviride F742  is brown-colored conidia 
followed by the production of brown-red pigment 
consisting of 1-acetyl-2,4,5,7-tetrahydroxyanthra
quinone (Betina et al., 1986).
As increased mycoparasitic activity of T. atroviride 
F742 has been observed, its potential use in bio-
control is in play. The parental strain T. atroviride 
F534  was also able to inhibit the growth of phy-
topathogens but complete colonization has not been 
observed (Olejníkova et al., 2010). On the other 
hand, our mutant strain easily colonized all three 
model phytopathogens with intense conidiation on 
the surface of the phytopathogen colony. The ef-
fect of the mycoparasite on the phytopathogens was 
estimated as lethal — there was no growth observed 
after mycelium was taken from the overgrown area. 
As secondary metabolites play an important role in 
antibiosis, the physiological role of secondary me-
tabolites of T. atroviride F742 was investigated. Also, 
fungal tools for transport of secondary metabolites 
were studied. Production of the most secondary 
metabolites of Trichoderma sp. is bound to the end 
of exponential and stationary growth phase, as 
documented by TLC (Fig. 2), which clearly shows 
that other secondary metabolites are produced 
together with anthraquinones. Anthraquinones are 
red-brown colored metabolites and as it is easy to 
follow their production; they have been chosen as 
an indicator of secondary metabolism initialization 
and progress. There is limited knowledge about 
the transport mechanisms of secondary metabolites 
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into the environment. Some studies indicate that 
the role of fungal ABC transporters is not limited 
only to the detoxification mechanisms.
Fungal MFS and ABC transporters are closely as-
sociated with the transport of host-specific or non-
specific toxic metabolites by toxinogenic fungal 
phytopathogens (del Sobro et al., 2000; Jeandet et 
al., 2021). As mycotoxins produced by fungal strains 
are classified as secondary metabolites, the role of 
efflux pumps in secondary metabolites transport 
is thus confirmed. Moreover, the organization of 
gene clusters supports the physiological function 
of ABC transporters in secondary metabolite 
transport as these are clustered with gene coding 
PKS (polyketide synthesis), enzymes involved in 
synthesis of secondary metabolites (Andrade et al., 
2000, Dohren et al., 2009). To determine the ABC 
transporters as transport systems for secondary me-
tabolites produced by Trichoderma sp., the profile of 
ABC transporters — G family and ABC transporters 
of family B (MDR) were expressed in correlation 
with the production of anthraquinones and other 
secondary metabolites. Anthraquinones are in gen-
eral synthesized from acetyl-CoA and malonyl-CoA 
via the Claisen condensation by PKS type I, which 
results in the formation of poly-b-ketide chain 
(Fig. 4). ABC transporters possess a binding site for 
Facb (transcription factor of acetate metabolism in 
fungi) as acetyl CoA is the precursor of polyketides 
and other secondary metabolites. The presence of 
the Facb site in regulation regions indicates their 
potential role in the transport of secondary me-
tabolites. Bioinformatic analysis of the Trichoderma 
sp. genome (http://genome.jgi.doe.gov/Triat2/
Triat2.home.html) has shown eight full and two 
half ABC-G transporters with high homology to 
yeast transporters PDR12 and PDR5 (Saccharomyces 
cerevisiae) and eight MDR transporters with high 
homology to AtrC and AtrD (Aspergillus nidulans) 

(Kubová et al., 2022). The transcriptomic profile 
of ABC transporters type G (Taabc2—Taabc9) and 
MDR transporters (MDR1—MDR8) genes were 
determined in correlation with anthraquinone 
and other secondary metabolites production. The 
expression of MDR genes MDR6, MDR4, MDR2, 
MDR1  and MDR5  (Fig.  6) was observed at later 
exponential phase (after two weeks) and at station-
ary phase (after three weeks) in correlation with 
secondary metabolites production. Thus, it can be 
assumed that MDR transporters have a role in the 
transport of secondary metabolites as their expres-
sion correlates with anthraquinones and other 
secondary metabolites production (Fig. 2).
Many microorganisms isolated from soil and plant-
associated environments produce secondary metab-
olites that adversely affect the growth or metabolic 
activity of other microorganisms (Harman et al., 
2021; Fravel, 1988). The production of secondary 
metabolites often favors its producer in the environ-
ment since many metabolites are toxic to other com-
peting microorganisms in the same environment. 
Secondary metabolites are often the sources of rare 
antimicrobial active compounds (del Sorbo et al., 
2000, Schoonbeek et al., 2002). While Trichoderma 
sp. are soil-born fungi related to plant rhizosphere, 
and their offensive and defensive strategies are well 
developed, they present a potential source of anti-
microbial active compounds. In this work, we have 
shown how the whole sum of produced secondary 
metabolites contributes to antibiosis with other 
microorganisms via the antimicrobial potential of 
metabolites produces by Trichoderma sp. Antimicro-
bial effect on bacteria, yeasts, and phytopathogenic 
fungi has been observed. Antifungal potential was 
observed only when the whole sum of metabolites 
was present, which mirrors the synergism of metab-
olites produced in the environment. As it has been 
shown, T. atroviride F742 is a successful antagonistic 

Fig. 4. Proposed synthesis of 1-acetyl-2,4,5,7-tetrahydroxyanthraquinone (Betina et al., 1986).
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fungus and antifungal activity of its secondary 
metabolites can also contribute to its mycoparasitic 
properties by partial inhibition of phytopathogens 
growth. Its main contribution to mycoparasitic 
activity is considered to be the activity of hydrolytic 
enzymes degrading cell walls of phytopathogens 
(Druzhinina et al., 2011; Tyśkiewicz et al., 2022).

Conclusion

In this work, mycoparasitic activity of the strain 
Trichoderma atroviride F742  prepared by UV mu-
tagenesis was confronted with three different phy-
topathogens. Specifically, secondary metabolites 
were isolated to determine its antimicrobial activity 
and possible transport system via ABC transporters 
MDR6, MDR4, MDR2, MDR1  and MDR5. The 
mutant strain T. atroviride F742  was able to attack 
and colonize all model phytopathogens with lethal 
effect on phytopathogenic fungi, while the parental 
strain T. atroviride F534 only inhibits the growth of 
model phytopathogens but is not able to colonize 
them. As different expression patterns of various 
ABC transporters have been observed, potential 
role of MDR in the transport of isolated secondary 
metabolites has been suggested. Antimicrobial test-
ing of secondary metabolites showed the highest 
inhibition of E. coli and S. aureus among model 
bacteria. Phytopathogenic fungi (A. alternata and 
F. culmorum) were partially (30  %) inhibited sug-
gesting that secondary metabolites produced by T. 
atroviride F742 can also contribute to its mycopara-
sitic activity. Even though the main contribution to 
their mycoparasitic activity is still considered to be 
the activity of hydrolytic enzymes degrading cell 
walls of phytopathogens, it is important to consider 
the contribution of other mechanisms, taking in ac-
count that mycoparasitic interaction is the synergy 
of several mechanisms. However, further and more 
detailed investigation is needed to study the in-
creased mycoparasitic activity of T. atroviride F742.
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Abstract: The review presents several families of spin crossover (SCO) active Fe(II) coordination compounds with 
photoactive N-donor heterocyclic ligands, in which the photoinduced structural changes can activate reversible 
change of spin state and thus control magnetic properties under isothermal conditions. Detailed description of 
structural, spectral, and magnetic behavior for selected examples of photoisomerizable coordination compounds 
are provided. From the application point of view, light is an excellent tool to control SCO properties. The first and 
best known approach called Light Induced Excited Spin State Trapping (LIESST) has a significant technological 
limitation due to low temperatures (< 120 K) required for the trapping and existence of photoexcited metastable 
states. The second and more elegant approach known as Ligand-Driven Light-Induced Spin Crossover 
(LD-LISC) seems to be a very suitable strategy utilizing light-induced structural changes to control the spin. 
Isomerization of photoswitchable groups, such as azobenzenes or stilbenes, can cause reversible transformation 
between two isomeric forms after exposition to selective wavelengths at ambient temperature. A very recent third 
approach, the Guest-Driven Light-Induced Spin Crossover (GD-LISC) effect employing the photoisomerizable 
guest molecules to control the spin state has also been introduced.

Keywords: spin crossover, isomerization, light-excited spin-state trapping effect, ligand-driven light-induced 
spin crossover, molecular switches, guest-driven light-induced spin crossover.

Introduction

Based on the crystal field theory, octahedral sym-
metry of Fe(II) complexes has the valence d-orbit-
als split into two energy levels. Energy difference 
between the lower energy triply degenerate t2g and 
higher energy doubly degenerate eg orbitals is a 
parameter of crystal field strength Δ. Its value is 
balanced by other natural parameter representing 
spin-pairing energy P of the Fe(II) electrons. The 
Δ magnitude is inversely dependent on  distances 
between the metal and ligand donor atoms and it 
varies systematically according to the electron na-
ture of the ligands (König, 1991). Electron effects 
of ligand influence the spin state of Fe(II) ions, 
which are either diamagnetic low-spin (LS) or 
paramagnetic high-spin (HS) at given temperature 
(Hauser, 2004). If Δ is higher than P, the valence 
d-electrons of Fe(II) occupies the t2g levels. If the 
s-donor and p-acceptor properties prevail, the 
ligands produce the strong ligand field and the LS 
state of Fe(II) ions is reached. No intrinsic mag-
netic moment of Fe(II) electron pairs is produced 
upon external magnetic field resulting in negative 
magnetic susceptibility c. On the other hand, if 
Δ is lower than P, the Fe(II) valence d-electrons 
reach energy based on the Hund’s maximum mul-
tiplicity rule. Unpaired electrons cause a change 
in  the  magnetism; thus, external magnetic field 

induces magnetic moment μ resulting in positive 
value of magnetic susceptibility c. Coordinated 
ligands have weaker p-back donation effect thus, 
they have weaker ligand field, and the HS state is 
reached. Ligand field strength of aromatic N‑do-
nor ligands is often classified into intermediate 
range and the energy parameters Δ and P are simi-
lar. Reversible transition between the LS and HS 
states can be induced by external stimuli, such as 
temperature (T), pressure (p), light (hn), magnetic 
field induction (B), or electric field strength (E); 
these coordination compounds exhibit so-called 
“spin crossover” effect (Brachňaková and Šalitroš, 
2018; Gütlich et al., 1994; Šalitroš et al., 2009). 
One of the most important parameters of the 
temperature-induced SCO effect is the transition 
temperature (T1/2) at which half of  both HS and 
LS fraction coexist together. The HS mole frac-
tion gHS, evaluated in the μeff or cMT form, shows 
quantitative information on total induced intrinsic 
magnetic moment. Another basic SCO character-
istic is the  shape of the conversion curve, which 
can be gradual, incomplete, abrupt, hysteretic, or 
multi-step. In addition, thermal hysteresis is also 
characterized by the width of loop ΔT1/2 given as 
a difference between cooling T1/2(↓) and heating 
cycle T1/2(↑). The conversion curve can be divided 
into three parts: LS and HS plateaus and active 
SCO section (Gütlich and Goodwin, 2004).
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SCO is accompanied by a change in magnetic values. 
In case of the HS state of the Fe(II) center, the com-
pounds contain unpaired electrons (S = 2) and they 
show paramagnetic behavior. Since there are no un-
paired electrons in the LS (S = 0), they are diamag-
netic at the corresponding temperature. SCO is also 
associated with changes in the structural parameters. 
Bond distances between the central atom and donor 
atom of the ligand are longer and weaker for the HS 
electronic configuration due to occupied eg orbitals 
with the  antibonding character. This leads to the 
expansion of the molecular volume (between 1  % 
and 10 %), and the change of the angles of coordi-
nation polyhedron and unit cell parameters (a, b, c, 
a, b, g, V). Vibrational spectroscopic measurements 
(FT-IR and Raman spectroscopy) are often used to 
characterize SCO systems. Bond strength between 
the central atom and ligands changes significantly 
upon the spin transition and the vibrational modes. 
SCO compounds have different color in the HS and 
LS state; thus their electronic transition properties 
depend on the actual spin state. Therefore, the SCO 
event can be detected by electronic spectroscopy, 
where LS and HS d-d and metal-to-ligand charge 
transfer transitions can be recognized in visible 
and IR regions, respectively. For instance, Fe(II) 
HS complexes have one single transition, 5T2g→5Eg, 
localized in near-infrared area (figure 1 is LIESST 
effect) and the LS configuration shows two ab
sorption bands assigned to spin-allowed 1A1g→1T1g 
and 1A1g→1T2g transitions. Electron spectra of the 
SCO active Fe(II) complex above and below T1/2 
should also clearly reflect the temperature-induced 
t2g

6 (1A1g) ↔ t2g
4 eg

2 (5T2g) conversion (Gütlich et al., 
2000). The LS → HS conversion reaches thermo-
dynamic equilibrium at T1/2 presenting zero Gibbs 
energy difference ΔG. Entropy ΔS between the 
fractions is higher and thus, the TΔS contribution 
dominates over that of ΔH, which is identified to be 
positive in this process. Hence, the SCO phenome
non is entropically controlled and the variation of 
its free ΔG becomes negative. In the lower tempera-
ture interval T < T1/2, the LS state with lower entropy 
is thermodynamically more stable while the HS 
configuration is preferred in SCO complexes up to 
above T1/2 (Halcrow, 2011).
In general, the SCO phenomenon has molecular 
origin, however, the shape of the gHS = f(T) curve 
is strongly dependent on intermolecular interac-
tions. The stronger these interactions are, the more 
intense is the cooperation of neighboring SCO 
molecules in the crystal lattice and the SCO curve 
is steeper (Boukheddaden et al., 2007; Bousseksou 
et al., 2011). Magnetic hysteresis related to the in-
termolecular interactions (e.g., hydrogen bonding, 
p-p interactions, or p-system interactions with a free 

electron pair) is caused by elastic stress and its loop 
width is related to the strength of the cooperative 
interactions. Uncoordinated anions or solvent mol-
ecules involved in the crystal lattice may also affect 
an intermolecular pressure in the lattice and create 
intermolecular interactions between SCO active 
complex units (Murray and Kepert, 2004; Real et 
al., 2005). Some complexes have different magnetic 
properties due to different arrangements of mol-
ecules in the crystal lattice, thus, the polymorphs 
may show different SCO behavior. Such magnetic 
diversity in SCO complexes is caused by different 
internal pressure within the crystal lattice (Šalitroš 
et al., 2012; Šalitroš et al., 2014; Tao et al., 2012).

Light-induced spin crossover
One of two principles of light-induced SCO be-
tween the LS (1A1g) ↔ HS (5T2g) states is the Light-
Induced Excited Spin State Trapping (LIESST) 
effect (Decurtins et al., 1984; Decurtins et al., 1985). 
In this case, Fe(II) complexes are irradiated by light 
with wavelength typical for the Metal-to-Ligand 
Charge-Transfer (MLCT) and d-d transitions 
(usually 400—800  nm) and the LS electrons are 
excited into metastable HS state. At sufficiently low 
temperatures (mostly below 30  K), the lifetime of 

Fig. 1. Jablonski diagram of the mechanism of 
LIESST and reverse-LIESST effect for Fe(II) SCO 

complexes (Ando et al., 2010).
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trapped metastable state can reach several hours or 
days (Šalitroš and Pavlik, 2018). Mechanism of the 
LIESST effect (Fig. 1) is proposed so that excited 
singlet states (1T1g, 1T2g) can relax to triplet states 
(3T1g, 3T2g) by Intersystem Crossing and subsequent-
ly either to the LS (1A1g) or HS (5T2g) state (Hauser, 
1991; Bertoni et al., 2015). Back-relaxation of the 
metastable HS phase to ground LS state is activated 
by heat, where T(LIESST) parameter characterizes 
the critical temperature above which the LS → HS 
photoexcitation cannot be observed anymore. This 
temperature follows the trend of inverse energy 
gap, which is given by equation 1  (Létard, 2005). 
Thus, T(LIESST) and T1/2 temperatures of the pho-
toinduced and temperature induced SCO effect are 
inversely proportional to each other based on the 
inverse gap effect in the given empirical equation 
(1) (Capes et al., 2000).

	 T(LIESST) = T0 − 0.3T1/2 	 (1)

Another situation occurs when the HS compound 
is irradiated with light typical for its d-d transitions 
(usually near IR region, 800—1200  nm) and the 
same, but reversed mechanism, the so-called reverse-
LIESST occurs (Hauser and Adler, 1991). Excited 
HS electrons of the central atom’s configuration 
preferentially relax to the singlet LS ground state 
1A1g. To achieve a long-lived metastable state, the 
potential energy barrier between the LS and HS 
states should be sufficiently separated to suppress 
the thermal relaxation and tunnelling phenom-
enon. By analyzing the potential curves, feasibility 
of LIESST and reverse-LIESST effects can be pre-
dicted according to the relative position and energy 
of a reaction coordinate of an intermediate state 
compared to the HS and LS reaction coordinates 
(Fig. 2). In the same complex, both LIESST and 
reverse-LIESST can be induced only if intermedi-
ate states are localized between the LS and HS 
minima (Case 1). Moreover, if the  intermediate 
state acquires energy in the range of the HS reac-
tion coordinate, the LIESST effect can be achieved 
but not the reverse-LIESST (Case 2). Conversely, if 

the intermediate states minimum is shifted to the 
LS potential curve, the reverse-LIESST is achieved 
instead of the LIESST effect (Case 3). In the end, 
the intermediate state reaction coordinate energy is 
localized below the HS state, hence neither LIESST 
nor reverse-LIESST effect occur (Case 4) (Ando et 
al., 2010).
However, the fact that a complex exhibits tempera-
ture-induced SCO does not immediately imply the 
attainability of the LIESST effect as the LIESST 
effect has not been observed in many compounds 
with temperature-induced SCO. Light-induced 
SCO effect is also accompanied by structural 
changes, which greatly determine the  stability of 
the metastable spin state. For example, lifetime of 
the excited HS state depends mainly on the change 
of the coordination bond lengths. If the difference 
in bond lengths between the LS and HS state is 
small, the energy barrier is small too. Coordination 
bond lengths vary in the range of 0.2  Å—0.4  Å 
for the  LIESST active Fe(II) complexes. Up to 
now, the light-excited metastable HS state has 
been reached only at  cryogenic temperatures 
(T(LIESST) < 130 K). Therefore, this effect shows 
significant application limits (Sheu et al., 2009).
Second approach of light-induced SCO effect is 
described for compounds coordinated by ligands 
with  incorporated photoactive moiety. A photo-
reaction on the ligand skeleton via absorption of 
radiation l causes isothermal spin transition of 
Fe(II) electrons, the so-called Ligand Driven  — 
Light-Induced Spin Change (LD-LISC) effect 
(Roux et al., 1994; Zarembowitch et al., 1993). Pho-
toinduced structural changes of the light-sensitive 
moiety lead to the ligand field change which results 
into SCO switching of the corresponding coordina-
tion compound (Boillot et al., 1996; Boillot et al., 
2009; Rösner et al., 2015; Šalitroš et al., 2017). For 
example, the Fe(II) compound, which differs only 
in an isomeric moiety of coordinated ligand, has a 
photosensitive group in the trans- configuration for 
CA and this complex shows to be SCO active with 
T1/2,1. However, complex CB with cis- configuration 

Fig. 2. Prediction of LIESST and reverse-LIESST effect from the relative positions of potential energies 
of LS, HS and IS states. IS state is described by the minimum of the potential energy (black circle) 

and its intersystem crossing process (arrows) (Ando et al., 2010).
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of ligand is determined in permanent HS configu-
ration over the whole temperature region. Changes 
in the magnetic properties of CA can be induced 
from the LS (gHS = 0) to the HS state (gHS = 1) by light 
exposure at working temperatures (TwA1) lower than 
T1/2,1, while the LS → HS conversion is accompanied 
by structural transformation of the coordinated 
ligand induced by lA wavelength. At the same tem-
perature, reverse photoreaction can be induced in 
CB by lB radiation accompanied by the HS → LS 
conversion (Fig. 3a). Another case of the LD-LISC 
effect may be complex CA, which is SCO active, while 
CB is stable in the LS configuration over the whole 
temperature region. Photoinduced reversible SCO 
is localized at TwA2, which is higher than T1/2,2 and 
the LS → HS and HS → LS conversions are induced 
by two selective lB and lA wavelengths, respectively 
(Fig. 3b). In the last case, both CA and CB complexes 
are SCO active with defined T1/2,A3 and T1/2,B3. Spin 
transition based on the LD-LISC effect is feasible 
only inside the temperature region at certain Tw3 
while conversion is induced by lB or lA wavelengths 
(Fig. 3c). To achieve feasibility and applicability 
of the LD-LISC effect, necessary conditions such 
as large energy barrier between the isomers of the 
ligand moiety, long lifetime of photoisomers at 
given temperature, existence of different spin states 
in the temperature range based on the photosen-
sitive part of the ligand, and high quantum yield 
of photoisomerization must be met (Boillot et al., 
2004; Roux et al., 1994; Zarembowitch et al., 1993).
Azobenzene and stilbenes are archetypal examples 
of photoisomerzable molecules capable of chang-
ing their geometric and/or electronic properties 
upon irradiation which makes them very promising 
switchable moieties of ligands for Fe(II) coordina-
tion compounds and the study of LD LISC activity. 
In general, the bent structure of the cis- isomer re-
stricts the p-conjugation of the ligand and induces a 
decrease of the p-acceptor character, which is a ma-

jor contribution to the ligand field strength. Thus, 
the cis- configuration of the ligand moiety exhibits 
weaker ligand field to the Fe(II) ions (Brachňaková 
and Šalitroš, 2018). For azobenzene derivatives, 
the isomerization mechanism is comparable to that 
of stilbenes and thus inversion around the single 
—N—Car— bond or rotation around the double 
—N=N— bond is assumed (Merino and Ribagor
da, 2012). The trans-isomers of azobenzene (or stil-
bene) easily isomerizes to the cis- configuration by 
irradiation with a wavelength within the UV region. 
The reaction is reversible, and the trans- isomer is 
recovered when the cis- isomer is irradiated with 
light within the VIS region for azobenzene (or UV 
for stilbene) or by heating. The UV-VIS absorption 
spectrum of trans-azobenzene presents two charac-
teristic absorption bands corresponding to more 
pronounced p → p* and weak n → p* electronic tran-
sitions (Figure 5a, black line). The p → p* absorption 
band of cis-azobenzene shows a hypsochromic shift 
and the n → p* band becomes more intensive (in the 
380—520 nm region) (Fig. 4a, red line). In the UV-
VIS spectrum of trans-stilbene, only a very intense 
p → p* band (in the 240—340  region) is shown, 
which is blue-shifted and decreases in intensity in 
cis-stilbene (Fig. 4b). Obviously, when going from 
the  trans- to the cis- configuration in azobenzene 
(resp. stilbene), isomerization distance between two 
para carbon atoms varies from 9.0 Å (resp. 9.4 Å) 
to 6.3 Å (resp. 6.3 Å). The cis- or trans- arrangement 
of the aromatic rings is also reflected in the proton 
nuclear magnetic resonance spectrum 1H-NMR. 
Signals of the cis- isomer appear in higher region 
than those corresponding to the trans- isomer due to 
the anisotropic effect of the p cloud of the aromatic 
ring as well as their geometry.
In addition to the stilbene or azobenzene molecules, 
very promising ligands for Fe(II) coordination are 
those comprising a diarylethene moiety, which 
provides LD-LISC active complexes. The molecule 

	 a)	 b)	 c)

Fig. 3. LD-LISC effect if a) complex CA is SCO active and CB is in permanent HS state, 
b) CA is SCO active and CB is in permanent LS state, c) CA and CB are SCO active (Boillot et al., 2004).
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	 a)	 b)

Fig. 4. UV-VIS spectra of a) trans-azobenzene (black line), cis-azobenzene (red line) and 
b) trans-stilbene (black line), cis-stilbene (red line).

	 a)	 b)

Fig. 5. a) Ring closing and opening photoreactions of diarylethene moiety causing different spin state 
of Fe(II) induced by UV and visible light, respectively (Rösner et al., 2015). b) [4+4] photocycloaddition 

of anthracenes. (Šalitroš et. al., 2017).

is opening and closing its cycles upon light irradia-
tion by a selected wavelength. Ring opening conver-
sion of the aromatic systems is usually activated by 
UV light and conversely, visible light can induce 
photocyclic reversion (Fig. 5a, Rösner et al., 2015). 
Reversible photocyclization leads to changes in the 
electronic structures of the coordinated ligands 
and therefore, the isomers may exhibit different 
spin states of the metal center under isothermal 
conditions. Anthracene derivatives also appear to 
be promising LD-LISC ligands due to their revers-
ible [4+4] photocycloaddition. Irradiation of the 
solid phase or solution by 400—450 nm wavelengths 
was used to link two anthracene rings through the 
formation of new bonds between the 9-9’ and 10-10’ 
carbon atoms of anthracene (Fig. 5b; Šalitroš, et. 
al., 2017). However, only one copper complex was 
prepared, where magnetic properties were success-
fully controlled by photocyclization (Castallano et 
al., 2011).

Photoactive Fe(II) complexes
Monodentate N-donor heterocyclic ligands such as 
the isomers of 4-styrylpyridine (cis-L1 and trans-L1) 
were used to synthesize [Fe(L1)4(NCS)2] complexes, 
which are an amazing example of  the  LD-LISC 
activity. The trans- complex [Fe(trans-L1)4(NCS)2] 
was prepared as red crystals and purple-red powder 
while the [Fe(cis-L1)4(NCS)2] one was prepared as a 
yellow powder and orange crystals. Chromophore 
[FeN6] of the complexes showed pseudo-octahedral 
geometry and shorter Fe—N bond distances of 
isothiocyanate donors (~0.013  Å) compared to 
those of 4-styrylpyridine moieties. This reflects 
different ligand field strength of coordinated 
isomers in the corresponding complexes. Based 
on the cMT vs. T plot, [Fe(cis-L1)4(NCS)2] was in 
permanent HS state in the whole temperature 
region (~3.67  cm3·mol−1·K) because cis-L1  had 
weaker ligand field compared to the SCO ac-
tive [Fe(trans-L1)4(NCS)2] with abrupt transition 
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centered at l08  K (Fig.  6a). The almost planar 
structure of trans-L1  caused stronger ligand field 
in [Fe(trans-L1)4(NCS)2] due to efficient electronic 
delocalization and significant stabilization of its p 
and p* orbitals. Working temperature Tw, at which 
complexes were irradiated, was allocated below 
90  K, where [Fe(trans-L1)4(NCS)2] was fully LS 
and [Fe(cis-L1)4(NCS)2] was fully HS. Unfortu-
nately, LD LISC was not detected due to technical 
obstructions of the electron absorbance spectros-
copy measurements. (Roux et al., 1994). Exchange 
of  axial terminal ligands to NCSe– shifted T1/2 as 
well as Tw to higher temperature region. Complex 
[Fe(trans-L1)4(NCSe)2] displayed shortened Fe—N 
bond lengths (~0.20  Å) and contraction of the 
cell (~2  %) upon cooling from 293  K to 104  K. 
Complete SCO is in the range of 130—200 K and 
T1/2 was determined to be 163  K, The cMT vs. 
T curve of [Fe(cis-L1)4(NCSe)2] stayed constant 
upon cooling with values characteristic for the 
HS state species of hexacoordinated Fe(II) ions 
(cMT ~ 3.63 cm3·mol−1·K, Fig. 6b).
For the detection of LD LISC via UVVIS spectros-
copy, both complexes were separately dispersed into 
5 % PMMA thin films. First, temperature depend-
ence of magnetization was measured in the dark 
and constant magnetic curves were established at 
a negative value due to diamagnetic contribution 
of the PMMA polymer. Irradiation temperature 
of [Fe(trans-L1)4(NCSe)2] was chosen to be 130  K 
as the diluted complex showed SCO around T1/2 = 
= 132  ±25  K, lower compared to the transition 
temperature of the bulk sample (T1/2 = 163 K). Data 
collected by in situ UV (355  nm) light irradiation 

showed increased or decreased negative magnetiza-
tion based on the cis → trans or trans → cis isomerization 
in [Fe(cis-L1)4(NCSe)2] or  [Fe(trans-L1)4(NCSe)2], 
respectively. In the dark, the HS isomer [Fe(cis-
L1)4(NCSe)2] showed a temperature invariant (Fig. 
7a, red squares) curve. Upon irradiation of 355 nm, 
a decrease of the magnetization was observed sug-
gesting cis → trans isomerization accompanied by 
HS → LS conversion. The value stayed constant up to 
250 K (Fig. 7a, black triangles). On the other hand, 
the PMMA thin film of  [Fe(trans-L1)4(NCSe)2] 
displayed an increase of the magnetization at low 
temperatures ~70 K and the value slowly decreased 
upon heating (Fig.  7d, black rhombus) indicating 
trans → cis phototransformation accompanied by 
LS → HS conversion. Time-dependent magnetiza-
tion was measured upon continual UV irradiation at 
130 K and [Fe(trans-L1)4(NCSe)2] trans → cis isomeri-
zation was saturated after ~400 min (Fig. 7e), while 
[Fe(cis-L1)4(NCSe)2] was saturated after 80 minutes 
of light exposure (Fig. 7b). Thin PMMA films 
of both [Fe(L1)4(NCSe)2] complexes were also 
characterized by UV-VIS absorption spectroscopy 
at 120 K. The complexes showed absorption maxi-
mum at 254 nm and 313 nm for [Fe(cis-L1)4(NCSe)2] 
and  [Fe(trans-L1)4(NCSe)2], respectively, which 
can be attributed to the intra-ligand p → p* transi-
tions. Maximum of [Fe(trans-L1)4(NCSe)2] was 
slightly shifted toward lower wavelengths with a 
significant intensity decrease upon 313  nm light 
irradiation (Fig. 7f). On the other hand, the p → p* 
band of [Fe(cis-L1)4(NCSe)2] was red shifted (above 
300 nm) upon 254 nm irradiation with significant 
intensity increase (Fig. 7c). Bidirectional cis ↔ trans 

	 a)	 b)

Fig. 6. Magnetic properties in cMT vs. T form of a) [Fe(cis-L1)4(NCS)2] and SCO active 
[Fe(trans-L1)4(NCS)2] complex (Roux et al., 1994), and b) permanent HS [Fe(cis-L1)4(NCSe)2] (squares) 

and SCO active [Fe(trans-L1)4(NCSe)2] (triangles) complex (Boillot et al., 2009).
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isomerization of styryl moieties at 120  K was 
determined by  comparing  the  absorption spectra, 
measured before and after UV light irradiation of 
both [Fe(L1)4(NCSe)2] PMMA thin films (Boillot et 
al., 2009).
Pellets of ~0.1 mm thickness made from microcrys-
talline powders of both [Fe(L1)4(NCSe)2] complexes 
were analyzed at room temperature upon 532  nm 
irradiation. The cis ↔ trans isomerization occurred 
through the  MLCT excitation pathway instead of 
the LD-LISC principle. The triplet mechanism 
of  cis →  trans conversion can occur via the 5MLCT 
excited state further converted into energy of intra-
ligand 3IL(L1) excited state through inter-system 
crossing transition and non-radiative deactivation 
from the excited states. Geometry transforma-
tion of the cis → trans conversion (293  K, 532  nm) 
based on the singlet pathway was investigated by 
DFT calculations for both isomeric forms showing 
that asymmetrical [Fe(trans-L1)4(NCSe)2] complex 
produces different excited states, pathways, and 

energy barriers with respect to MLCT activation and 
isomerization has only unidirectional character. No 
impact on the spin state change of Fe(II) occurred 
as both complexes were in the HS configuration 
at room temperature. The cis →  trans conversion of 
the styryl moiety resulted in an amorphous photo-
product associated with orange-to-red color change. 
Spectroscopic ellipsometry showed that the intensity 
of p → p* (~310  nm) increased and of the MLCT 
(~435  nm) band decreased during the cis  →  trans 
conversion induced by green light at room tem-
perature (Fig. 8a). For the highly diluted thin films 
or solutions of [Fe(cis-L1)4(NCSe)2], a broader, less 
intense p → p* band (~280 nm) is typical. In this case, 
unusually intense red-shifted band at 313  nm was 
reached due to the asymmetrical distribution of void 
cavities, which resulted in contacts between pyridyl, 
phenyl, and ethylenic groups. Investigation of the 
isomerization by  FT‑IR spectroscopy was based on 
increasing ethylenic n(C=C) stretching vibration at 
~1600 cm−1 and the C—H out-of-plane bending vi-

	 d)	 e)	 f)

Fig. 7. Magnetization variation (M.105 vs. T) upon in-situ irradiation (130 K, 355 nm) for 5 % PMMA thin 
film of a) [Fe(cis-L1)4(NCSe)2] before (red squares) and after light exposure (black tringles), 

b) [Fe(trans-L1)4(NCSe)2] before (blue squares) and after light exposure (black rhombus). M/H vs. time 
of irradiation (355 nm, 130 K) of the thin film of c) [Fe(cis-L1)4(NCSe)2] (H = 1000 Oe) and 

d) [Fe(trans-L1)4(NCSe)2] (H = 5000 Oe). UV-VIS spectra at 120 K for e) [Fe(cis-L1)4(NCSe)2] (initial 
(-) sample and its photostationary state (--) reached upon 254 nm irradiation) and the thin film of 
f) [Fe(trans-L1)4(NCSe)2] (initial (-) sample and its photostationary state (--) reached upon 313 nm 

irradiation) (Boillot et al., 2009).

	 a)	 b)	 c)

Šagátová A et al., Thermal- and light-induced SCO effect in Fe(II) complexes…



29

	 c)	 d)

Fig. 8. a) Ellipsometric spectra of [Fe(cis-L1)4(NCSe)2] pellet (orange line) and its photoproduct (red 
line) (532 nm, 293 K). Insert plot represents expansions of the curves in the 350—600 nm range (MLCT 

region). b) ATR FT-IR spectra of [Fe(cis-L1)4(NCSe)2] complex (orange) in the pellet form and its 
photoproduct (532 nm, 293 K) (red spectrum). c) HS fraction vs. T extracted from diffuse reflectivity 

measurements of [Fe(cis-L1)4(NCSe)2] (broken yellow line), its photoproduct (532 nm) (red), and 
[Fe(trans-L1)4(NCSe)2] (dark-red line), d) LIESST effect probed at 10 K by in situ photoexcitation 

(532 nm) of [Fe(cis-L1)4(NCSe)2] photoproduct (Tissot et al., 2010).

	 a)	 b)

bration at 957 cm−1. Conversion in the photoproduct 
was determined via the peak at ~950 cm−1 because it 
is characteristic only for trans-L1 ligand and ~66 % 
of new [Fe(trans-L1)4(NCSe)2] phase was produced 
in the photoproduct (Fig. 8b). Transmittance spectra 
obtained during UV light (365  nm) irradiation at 
293 K showed to be more like the parent spectrum, 
intensity of the peak at ~950 cm−1 was three times 
lower compared to that in the photoproduct’s spec-
trum produced after irradiation at 532 nm. It means 
that a  six-fold penetration depth of visible light 
occurred, and thus UV light caused minor alterna-
tion in the recorded FT-IR transmittance spectra. 
The cis → trans isomerization in [Fe(cis-L1)4(NCSe)2] 
powder induced by 532 nm light at 293 K was inves-
tigated by X-ray diffraction analysis. Laser exposure 
time dependence of the unit-cell volume showed an 
increase of the volume of 49 Å3 upon the irradiation; 

thus, the isomerization was assumed to be related to 
the ~1 % expansion of the unit cell. Crystal packing 
of  [Fe(cis-L1)4(NCSe)2] and [Fe(trans-L1)4(NCSe)2] 
contained a large fraction of void spaces. The cavities 
were present in ca. 11 % of the crystal lattice volume 
and were defined as the regions of unit-cell spheres 
of r = 0.8 Å radius not entering the van der Waals 
surfaces of neighboring atoms. The crystal structure 
topology did not favor single-crystal-to-single-crystal 
photoisomerization because of  the  non-systematic 
distribution of the cavities around the phenyl rings 
of L1 ligands. This may be a reason phototransfor-
mation resulted in amorphous solid. Amorphization 
was also further confirmed by pictures of the crystal 
using a polarized microscope. Isomerization moni-
tored by reflectivity measurements revealed a varia-
tion of reflectivity ~0.13 between 220 K and 130 K 
in the SCO active [Fe(trans-L1)4(NCSe)2] complex. 
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The resulting gradual curve of  the photoproduct’s 
HS fraction was centered at T1/2 ~ 116 K and then 
was shifted down by about 47  K compared to  T1/2 
determined for bulk [Fe(trans-L1)4(NCSe)2] (Fig. 8c). 
As expected for permanent HS species, reflectivity of 
[Fe(cis-L1)4(NCSe)2] varied very slightly (0.76—0.78) 
in the whole temperature region. The LIESST effect 
(10 K, 532 nm) of the photoproduct produced from 
[Fe(cis-L1)4(NCSe)2] was also studied. First, the fresh 
complex was irradiated by green light at 293 K until 
the C—H out-of-plane deformation ethylenic vibra-
tion (~950 cm−1) reached saturation. Subsequently, 
the irradiated sample with a significant amount of 
the [Fe(trans-L1)4(NCSe)2] phase was cooled down to 
10 K in a magnetometer forming the new LS phase. 
Time depending on magnetization of the photoprod-
uct was first determined in the dark until it reached 
a constant value. The 532 nm light exposure caused 
the excitation of Fe(II) electrons into metastable HS 
state and the photoinduced SCO effect at 10 K was 
accompanied by positive magnetization variation 
representing the LS → HS conversion (Fig. 8d). This 
process has a reversible character because the mag-
netization slowly decreased in the dark back to the 
initial value (Tissot et al., 2010).
The family of homoleptic Fe(II) coordination com-
pounds with bidentate 2-(2’-pyridyl)benzimidazole 
ligand (L2) and their derivatives often exhibit 
temperature-induced SCO effect (Brachňaková et 
al., 2020). Structural modification of L2  by intro-
ducing photoactive azophenyl moiety onto benz
imidazole core (L3  = phenyl-(2-pyridine-2-yl-3H-
benzoimidazol-5-yl)-trans-diazene) offers an inter-
esting possibility for  LD-LISC investigation (Fig. 
9a). Thermal SCO of [Fe(trans-L3)3](BF4)2·3H2O 
was analyzed in  the  solid phase and in acetone-d6 
solution. First, magnetic measurements were car-
ried out for the bulk compound (Fig. 9b). Complete 
and gradual SCO is situated at 279 K, which is in 
good agreement with  the  temperature-dependent 
1H-NMR measurements. The trans/cis ratio was 
estimated by 1H-NMR spectroscopy, which showed 
that the photoproduct formed by trans → cis isomeri-
zation was converted into 94 % phostationary state. 
The reverse cis →  trans conversion was activated by 
blue (436  nm) light, successfully converting the 
photoproduct back into original the 28  % trans 
phase, while fully reversing the transformation 
within two weeks at 293 K in the dark. Isomeriza-
tion in the acetone solution of the free ligand L3 in 
trans- configuration was exposed to 365 nm light. A 
decrease of the band corresponding to the p → p* 
transition at 359  nm was monitored by UV-VIS 
spectroscopy. Additionally, the slight increase of the 
band at 445 nm attributed to the n → p* transition 
upon UV irradiation confirmed the formation of 

the cis- isomer at 293 K. Absorption spectra of the 
[Fe(trans-L3)3](BF4)2·3H2O solution showed three 
bands at 355, 440, and 550 nm, the first two being 
assigned to intraligand p → p* and n → p* transi-
tions and the band at 550  nm assigned to MLCT 
transition. Temperature dependent absorption 
spectra of the complex were analyzed during cool-
ing (300—192 K), increased intensity of the MLCT 
band associated also with color change from yellow 
to brown clearly indicated the HS → LS conversion. 
Additionally, spectral changes of the complex solu-
tion were comparable with those observed for free 
ligand L3  upon UV and visible light irradiation 
(Fig. 9c). The light induced trans ↔ cis isomerization 
of ligand moieties in the complex was determined by 
room temperature NMR measurements. The fresh 
[Fe(trans-L3)3](BF4)2·3H2O solution consisting of 
1.5 equivalent excess of free trans-L3 was added to 
ensure the complex stability (ligand may dissociate 
upon photoexcitation) and cMT was partly revers-
ible in the 2.05—2.20 cm3·mol−1·K range, where it 
was either increased or decreased upon 20 min of 
the 365 nm or 436 nm irradiation, respectively (Fig. 
9d). The zig-zag responses were not fully reversible 
but the complex showed reversible cMT switch-
ing upon different light (UV and VIS) excitation 
(Hasegawa et al., 2009). Based on Co(II) complex 
of azobenezenes-attached tris(bipyridine) ligands 
(Yamaguchi et al., 2005), it can be assumed that the 
three azobenzene moieties in the Fe(II) complex 
are photoisomerized independently and therefore 
probably only one of three moieties on average is 
converted to a cis- isomer in the photostacionary 
state (365 nm) (Hasegawa et al., 2009). This shows 
new potential LD-LISC active homoleptic Fe(II) 
compounds with T1/2 and Tw temperatures close 
to 293 K. SCO properties can be modulated by the 
position of light-sensitive substituents, for example 
by introducing azophnenyl or  ethylenebenzene 
substituents into the pyridyl ring of pyridylbenz
imidazole ligands.
Tridentate N-donor heterocyclic ligand with 
photoactive phenylethenyl moiety (L4  = 2,6-di-
(pyrazol-1H-yl)-4-styrylpyridine) and its substi-
tuted derivates in para position of styryl moiety, like 
cyano (L5 = 2,6-di(1H-pyrazolyl)-4-(4-cyanostyryl)-
pyridine) and nitro (L6  = 2,6-di(1H-pyrazol-1-yl)-
4-(4-nitrostyryl)-pyridine) groups, were selectively 
prepared in both isomeric forms and used for the 
preparation of homoleptic coordination com-
pounds. Incorporation of the electron-withdrawing 
substituent into their structure led to the reduc-
tion of the energy p* orbitals of ligands creating 
stronger ligand field and rather stabilizing the LS 
state. Crystal structure of [Fe(cis-L4)2](BF4)2 and 
[Fe(cis-L5)2](BF4)2 were measured at 90  K and 
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	 c)	 d)

Fig. 9. a) Schematic visualization of reversible trans ↔ cis isomerization in [Fe(trans-L3)3](BF4)2·3H2O 
induced by UV (365 nm) and VIS (436 nm) light at 293 K. b) cMT vs. T plot of the bulk complex. 

c) UV-VIS absorption spectra of [Fe(trans-L3)3](BF4)2·3H2O (solid line) in acetone and its spectral changes 
upon irradiation by 365 nm (dotted line) and 436 nm (broken line) light at 295 K. d) cMT changes of the 

complex upon repeated irradiation by 365 nm and 436 nm light at 293 K (Hasegawa et al., 2009).

	 a)	 b)

	 a)	 b)

Fig. 10. cMT vs. T plots of a) [Fe(cis-L4)2](BF4)2 (black), [Fe(cis-L5)2](BF4)2 (green), [Fe(cis-L6)2](BF4)2 
(red) and [Fe(cis-L6)2](BF4)2·C3H6O (blue) powders. b) cMT vs. T plots of their d6-acetone solutions 

determined by the Evans’s method (Takahashi et al., 2012).

113  K. Bond distances of Fe—N were ~2.170  Å 
on average with distortion parameter Σ of 172.4  ° 
and 183.1  °, respectively, these values are typical 
for Fe(II) species in the HS state. The HS state was 

probably stabilized by p-p interactions between 
the pyrazole rings of  cis-L4  and cis-L5  ligands in 
the relevant complex. In [Fe(cis-L6)2](BF4)2, these 
interactions were absent so the Fe—N bond lengths 
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and Σ were lower (~1.946 Å, 88.7  °) at 113 K and 
LS state with almost ideal octahedral geometry was 
detected. Structural information on [Fe(trans-L4)2]
(BF4)2 was similar (~1.935  Å, 84.6  °) indicating 
the LS state of Fe(II) ions at low temperatures 
after photoisomerization. Solvated and desolvated 
compounds of [Fe(cis-L6)2](BF4)2 showed LS state 
behavior up to 150 K (Fig. 10a, red and blue line). 
Thermal SCO occurred near the room temperature 
region at T1/2 of ~270  K for [Fe(cis-L6)2](BF4)2 
and at above 300 K for [Fe(cis-L6)2](BF4)2·C3H6O. 
On the other hand, microcrystalline structure of 
[Fe(cis-L4)2](BF4)2 and [Fe(cis-L5)2](BF4)2 showed 
permanent HS state (~3.15 cm3·mol−1·K) over the 
whole temperature region. Below 30 K, a small de-
crease of cMT caused by the zero-field splitting and/
or intermolecular antiferromagnetic interaction of 
distorted octahedral environment of  the HS state 
Fe(II) ions was observed (Fig. 10a, black and green 
lines). Solution study by 1H-NMR analysis revealed 
gradual SCO at 245 K for [Fe(cis-L4)2](BF4)2, 259 K 
for [Fe(cis-L5)2](BF4)2, and 365  K for [Fe(cis-L6)2]
(BF4)2 (Fig. 10b). The plot of cMT vs. T of the com-
plexes with trans- ligands was not acquired because 
of their low solubility in acetone. LD-LISC behavior 
of the complexes in the solid state was monitored by 
variable-temperature magnetic susceptibility meas-

urements. The complexes were irradiated by visible 
light (l ˃  420 nm) at room temperature and cis → trans 
isomerization was reached after several days of light 
exposure. All compounds displayed similar trend 
of magnetic curve with very gradual and incom-
plete character. Complexes in permanent HS state 
showed a decrease of cMT after irradiation, which 
represents partial HS → LS conversion (~20 %) at 
ambient temperature (Figs. 11a and 11b). On the 
other hand, cMT of compounds [Fe(cis-L6)2](BF4)2 
and [Fe(cis-L6)2](BF4)2·C3H6O increased upon the 
irradiation with the HS → LS transition of ~42 % 
and 87 %, respectively, at 273 K (Figs. 11c and 11d). 
The cis → trans isomerization of acetonitrile solu-
tions of all compounds with cis- configuration upon 
blue light (436 nm, 293 K) irradiation was analyzed 
by UV-VIS spectroscopy. A strong absorption band 
with the maximum around 320 nm corresponded 
to p → p* and n → p* transitions and a weak band 
of the MLCT transition at 450  nm was identified 
for all compounds (Fig. 11e). Upon the irradiation 
(436 nm, 293 K), all compounds showed irrevers-
ible cis- to trans- photoisomerization expressed by 
the MLCT band increasing intensity over time (Fig. 
11f). Solid-state cis → trans isomerization investiga-
tion revealed color change from yellow to dark 
orange or red. The complexes were dispersed in 

	 d)	 e)	 f)

Fig. 11. cMT vs. T plots of a) [Fe(cis-L4)2](BF4)2, b) [Fe(cis-L5)2](BF4)2, c) [Fe(cis-L6)2](BF4)2, 
d) [Fe(cis-L10)2](BF4)2·C3H6O measured before (solid line) and after (broken line) irradiation 

(l ˃ 420 nm). e) Absorption spectra of the complexes in acetone solutions (Takahashi et al., 2012). 
f) [Fe(cis-L4)2](BF4)2 absorption change of the MLCT band upon 300 minutes of 436 nm irradiation 

(Hasegawa et. al., 2011).

	 a)	 b)	 c)
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KBr pellets, and their isomerization was analyzed 
by FT-IR spectroscopy upon visible light excitation 
(l ˃ 420 nm), the peak characteristic for C—H out-
of-plane bending vibration at  ~974  cm−1 showed 
expected shifting to 971  cm−1. Both methods con-
firmed that the conversion ratio of the new trans- 
phase was no less than 88 % (Hasegawa et al., 2011; 
Takahashi et al., 2012).

Photoactive Fe(II) coordination polymers
SCO active Fe(II) ions with relatively high T1/2 
were also identified in coordination polymers 
of  the  2D  Hofmann-type framework composed 
of undulating [FeIIPd(CN)4)] layers in the a-c 
plane separated from  each other by axial li-
gands such as L7  = trans-3-azophenylpyridine 
or L8  = trans-4-azophenylpyridine. In  {Fe(trans-
L7)2[Pd(CN)4]}, the adjacent L7  ligands along 
the a-axis interact via azo- and benzene groups 
forming weak N···C(H) contacts. The 2D layers of 
the coordination polymer are close-packed along 
the b-axis and the  ligands interact via weak p···p 

interactions. Bonds lengths between the Fe(II) ion 
and the N‑donor atoms of {Fe(trans-L7)2[Pd(CN)4]} 
changed by ~0.20 Å between 150—220 K, and the 
extension of the bonds upon heating was caused 
by the thermal SCO effect (Fig. 12a). Red crystals 
of {Fe(trans-L8)2[Pd(CN)4]} and polycrystalline 
mixture of {Fe(trans-L8)2[Pd(CN)4]} and {Fe(trans-
L8)2[Pd(CN)4]}.1/2 trans-L8 phases were prepared. 
Both ligands were selectively coordinated to the 
Fe(II) ion and they interacted via weak N···C(H) 
contacts. Co-crystallized trans-L8  molecules 
interacted with the coordinated trans-L8  ligands 
via weak C(H)···p interactions (Fig. 12b). {Fe(trans-
L8)2[Pd(CN)4]}.1/2 trans-L8 showed that the Fe—N 
bond length did not change (~2.1  Å) upon cool-
ing to 100  K thus, permanent HS configuration 
of Fe(II) ions is expected. The unit-cell volume 
collected by variable temperature powder X-ray 
diffraction data in the range of 280—200—280  K 
showed that the volume of {Fe(trans-L8)2[Pd(CN)4]} 
was bigger (~30 Å3) than that of the Fe(II) polymer 
with shorter trans-L7 ligands.

	 b)	 d)	 f)	 h)

Fig. 12. Crystal structure of a) {[Fe(trans-L7)2Pd(CN)4]} and b) {[Fe(trans-L8)2Pd(CN)4]}.1/2 trans-L8, 
where Fe(II) atoms are orange, nitrogen — blue, carbons — grey, platinum — green. Thermal (open 

circles) and photo-induced (opened squares) experiments characterized by the cMT vs. T plots measured 
for the 2D Hofmann-type framework of c) {Fe(trans-L7)2[Pd(CN)4]} and d) {Fe(trans-L8)2[Pd(CN)4]}. 

Insert plots show cMT function derivative resulting in T(LIESST). Conversion into metastable HS 
state via 532 nm photoexcitation at 10 K measured (open triangles) for e) {Fe(trans-L7)2[Pd(CN)4]} and 

f) {Fe(trans-L8)2[Pd(CN)4]} accompanied by cMT saturation stabilized in the dark (closed markers) while 
the reverse-LIESST (open triangles) was induced by 830 nm light. UV-VIS absorbance spectra of free 

g) trans-L7 and h) trans-L8 molecules dissolved in ethanol/H2O measured before (black dotted curve) and 
after one hour of 365 nm light exposure (black solid curve). Grey curves show the change of the spectra 
under ambient light over time. Insert plots show expanded view of the n–p* band (Ragon et al., 2014).

	 a)	 c)	 e)	 g)
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Variable temperature synchrotron powder X-ray 
diffraction data collected for the 240—140  K 
temperature range revealed single-phase behavior 
pronounced in an abrupt shift in the Bragg reflec-
tions associated with reversible HS → LS transi-
tion. Subsequently, Le Bail analysis of individual 
patterns revealed unit cell evolution mimicking 
the  abrupt and hysteretic SCO behavior. Abrupt 
and narrow thermal hysteresis (~12  K) was 
determined by  the  cMT  vs. T plots for {Fe(trans-
L7)2[Pd(CN)4]} and the SCO curve of the cooling 
cycle abruptly increased at 178  K while that of 
the  heating curve at 190  K (Fig. 12c). A sample 
with prevailing ratio of  {Fe(trans-L8)2[Pd(CN)4]}
isomer showed SCO with thermal hysteresis width 
of 15 K near room temperature (T1/2(↓) and T1/2(↑) 
at 235  K and 250  K, respectively) (Fig. 12d). 
Photomagnetic studies of both polymers were 
performed at 10  K by green 543  nm light excita-
tion from ground LS to metastable HS state, cMT 
values of {[Fe(trans-L7)2Pd(CN)4]} and {[Fe(trans-
L8)2Pd(CN)4]} were saturated at 1.74 cm3·mol−1·K 
and 1.52 cm3·mol−1·K, respectively, which cor-
responds to ~50  % efficiency. The  T(LIESST) 
of both mentioned polymers were determined at 
40  K and 45  K for {Fe(trans-L7)2[Pd(CN)4]} and 
{Fe(trans-L8)2[Pd(CN)4]}, respectively (Figs. 12c and 
12d). Stability of the photoinduced HS state after 
532 nm irradiation was assessed by recording cMT 
values in the dark that slowly decreased over one 
hour. The reverse-LIESST process (transition from 
metastable HS to ground LS state) was induced by 
830  nm irradiation, whereby the ground LS state 
was completely recovered in less than 30 min. The 

cMT values of cycling experiments indicated that 
the LS → HS transition (switch ‘on’) and its reverse-
LIESST HS → LS (switch ‘off’) are fully reversible 
after multiple irradiating cycles (Figs. 12e and 12f). 
The trans → cis conversion of azophenyl moiety was 
analyzed for both polymers in solutions using UV-
VIS spectroscopy, however, no isomerization was 
observed. Isomerization activity was successfully 
identified only  for  ethanol/H2O solutions of free 
trans-L7 and trans-L8 molecules. Two characteristic 
signals were identified as  the intensive absorption 
p → p* band centered at 340  nm and the weaker 
n → p* band at 425 nm. The trans → cis transforma-
tion of the ligand is expressed by a decrease of the 
p → p* band intensity with the n → p* band increase 
(Figs. 12g and 12h) after one hour of 365 nm irradi-
ation. Reverse isomerization of the photoproduct in 
the absence of light took one hour until the original 
electronic spectra were identified. Unfortunately, 
the isomerization of both ligands in appropriate 
coordination polymers was not detected in the solu-
tions or in the solid state (Ragon et al., 2014).
The 3D Hofmann-type SCO clathrate of 
{Fe(L9)2[Pt(CN)4]}·L9·H2O consists of hexaco-
ordinated Fe(II) centers tetracoordinated with 
diamagnetic tetracyano-metalate Pt(II) complex 
units in the equatorial plane, the last two coordina-
tion positions in the axial direction are occupied 
by pillared N-donor ligands L9  = bis(4-pyridyl)
acetylene ligands while the cavities are occupied 
by free L9  ligand and water molecules (Fig. 13a). 
Clathrate lost its water molecule at about 390  K 
according to thermogravimetric data but rehydra-
tion was reached after 1  hour of air exposition. 

	 a)	 b)

Fig. 13. a) Fragmets of 3D Hofmann-type SCO clathrate {[Fe(L9)2[Pt(CN)4]}]}·L9·H2O; Fe(II) atoms — 
yellow, nitrogen — blue, carbon — grey, platinum — purple, incorporated molecules of L9 — pink, 
water — green. b) cMT vs. T plot of {Fe(L9)2[Pt(CN)4]}·L9·H2O (closed circles) and dehydratated 

{Fe(L9)2[Pt(CN)4]}·L9 (opened circles) clathrate (Bartual-Murgui et al., 2011).
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At 120 K, the void space took half of the total unit 
cell volume and bond distances between Fe(II) and 
N-donor atoms of the axial and equatorial direc-
tion were 1.996(6) Å and 1.935(5) Å, respectively. 
Heating up to 350 K caused the bond lengths in-
crease (~0.20 Å), which is associated with the color 
of the crystals change from deep red to yellow. 
{Fe(L9)2[Pt(CN)4]}·L9·H2O showed temperature-
induced SCO with thermal hysteresis (21  K) and 
its T1/2(↓) and T1/2(↑) were situated at 301  K and 
322 K, respectively. Dehydration of original clath-
rate in situ in a SQUID magnetometer caused an 
increase and shift of thermal hysteresis to lower 
temperatures (T1/2(↓) = 251 K and T1/2(↑) = 300 K) 
(Fig. 13b, Bartual-Murgui et al., 2011).
{[Fe(L9)[Pt(CN)4]}·H2O host has relatively large 
pore size (~300 Å3), which is suitable for molecule 
incorporation of such compounds as azobenzene or 
stilbene. The concept of the Guest-Driven Light-
Induced Spin Crossover (GD-LISC) effect as an 
analogy to the LD-LISC principle was introduced 
for SCO active porous metal-organic frameworks. 
Therefore, trans-azobenzene, trans-stilbene, and cis-
stilbene molecules were incorporated into the frame-
work and their quantity was estimated by the combi-
nation of elemental analysis and thermogravimetric 
measurements, which resulted in the molecular 
formulas {[Fe(L9)[Pt(CN)4]}·H2O·trans-azoben-
zene, {[Fe(L9)[Pt(CN)4]}·H2O·trans-stilbene, and 
{[Fe(L9)[Pt(CN)4]}·2.3H2O·0.6cis-stilbene. Upon 
SCO of {[Fe(L9)[Pt(CN)4]}·H2O·trans-azobenzene, 
bond distances between the Fe(II) center and 
N‑donor ligands expanded by about ~0.20 Å and, 
and lattice volume increased by 3 %. The transition 
was also accompanied by supramolecular changes, 
where the N—C—Pt angle in the 2D {Fe[Pt(CN)4]} 
sub-layers decrease upon heating from 177.453(3) ° 
at 100  K to 159.255(4) ° at  180  K. Also, trans-
azobenzene formed a weak non-covalent bond 

and benzene rings were face-to-face oriented with 
pillared L9  ligands in distances exceeding 3.5  Å. 
The guest incorporation into the host identified by 
FT-IR and Raman spectroscopy shows characteristic 
peaks of the guest’s molecules. In the transmittance 
spectrum of {[Fe(L9)[Pt(CN)4]}·H2O·trans-azoben-
zene, bending in-plane and out-of-plane vibration 
signals of  phenyl groups typical trans- configura-
tion (1484  cm–1 and 1453  cm–1, respectively) were 
observed. Intense peaks in the Raman spectrum of 
trans-azobenzene clathrate were assigned to C—N, 
N=N, N=N + C—N, N=N + C=C vibrations 
at 1145, 1438, 1473  and 1492  cm–1, respectively. 
In transmittance spectra of both stilbene clath-
rates, vibrational peak of C—H bending mode 
of benzene ring (963  cm–1 for trans-stilbene and 
922  cm–1 for cis-stilbene clathrates) was found. 
In  the Raman spectra of both stilbene clathrates, 
a peak of C=C stretching vibration appeared at 
1632 cm–1 for trans-stilbene and at 1630 cm–1 for cis-
stilbene guest molecule. Magnetic investigation of 
{Fe(L9)[Pt(CN)4]}·H2O·trans-azobenzene showed 
complete and abrupt SCO with hysteresis (Fig. 
14a). Thermal hysteresis (11  K) of the men-
tioned clathrate occurred at lower temperatures 
(T1/2(↓) at 137  K and T1/2(↑) at 148  K) compared 
to the polymer with incorporated L9  mole- 
cule. {Fe(L9)[Pt(CN)4]}·H2O·trans-stilbene showed 
gradual and incomplete SCO with approximately 
~30 % of molecules in the permanent HS state (Fig. 
14b). While {Fe(L9)[Pt(CN)4]}·2.3  H2O·0.6cis-
stilbene displayed two-step SCO behavior between 
200—60 K. The first transition at T1/2(1) = 165 K was 
associated with an abrupt decrease of cMT down to 
~1.52  cm3·K·mol−1, which corresponds to 50  % 
conversion from HS to LS state. The second, more 
gradual, transition involved a 30  % conversion of 
Fe(II) centers. The permanent HS fraction (~25 %) 
of Fe(II) ions was determined by the higher cMT 

	 a)	 b)	 c)

Fig. 14. cMT vs. T plot of a) {Fe(L9)[Pt(CN)4]}·H2O·trans-azobenzene, 
b) {Fe(L9)[Pt(CN)4]}·H2O·trans-stilbene, and c) {Fe(L9)[Pt(CN)4]}·2.3H2O·0.6 cis-stilbene on cooling 

and heating (solid lines). Photoexcitation by red light (637 nm) at 5 K or at 10 K (red triangles) and 
subsequent heating in the dark (white squares) (Brachňaková et al., 2021).
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(~0.74 cm3·K·mol−1) value in the low temperature 
region (Fig. 14c). Drastic downshift of T1/2 in the 
presence of the guests compared to  the  T1/2 of 
empty clathrate indicates that SCO properties 
were altered via steric hindrance due to the bulky 
guest molecules. The quantity of stilbenes in the 
polymer channels affected the conversion curve 
by  increasing the cMT value, as presented by in-
creased permanent HS phase of Fe(II) ions at low 
temperatures. The plot of cMT vs. T for clathrate 
with azobenzene guest showed similarity and the 
different number of incorporated guests had 
only an insignificant effect on SCO. This can be 
explained by the electron effect of the guest mole
cules being more significant than their quantity. 
Photoinduced SCO effect based on the LIESST 
principle was induced by red (637 nm) light at 5 K 
and 10  K for the trans-azobenzene and stilbenes 
clathrate, respectively. The  cMT function mea- 
sured for {Fe(L9)[Pt(CN)4]}·H2O·trans-azobenzene 
was saturated at 0.86  cm3·K·mol−1 (Fig.  14a, red 
triangles). Heating in  the dark revealed a further 
increase of cMT value to 1.52 cm3·K·mol−1 at 27 K, 
indicating that the LS to metastable HS state transi-
tion resulted in ~30  % photo-induced conversion 
of the Fe(II) ions. Further heating led to a decrease 
of cMT and T(LIESST) took place at 57 K (Fig. 14a, 
white squares).
The value of cMT for clathrates with incorporated 
trans- or cis- stilbene molecules was saturated at 
22  K and 27  K, respectively, which represents 
65 % and 90 % of photoconversion with the same 
T(LIESST)  = 46  K. Properties of the guest mole
cules such as their electron effects or supramo-
lecular interactions with the host network affect the 
thermally induced SCO. Temperature-dependent 
Raman spectra were measured upon 532 nm exci-
tation for all three clathrates at 113 K and 298 K, 
where different spin states of the compounds 
were expected. At  298  K, the ring breathing vi-

bration of L9  ligands was identified at 1017  cm−1 
in {Fe(L9)[Pt(CN)4]}·trans-azobenzene (Fig. 15a), 
while the peak of both polymers with incorporated 
stilbene guest was localized at slight lower energy 
(1014 cm−1) (Figs. 15b and 15c). At 113 K, the Fe(II) 
centers were partially converted to the LS state 
and a new peak appeared at 1027 cm−1 for {Fe(L9)
[Pt(CN)4]}·trans-azobenzene and at 1026  cm−1 
for both trans- and cis-stilbene clathrates. Thus, 
the peaks at 1017 cm−1 and 1027 cm−1 allowed SCO 
identification and T1/2 was estimated at 135  K, 
173 K, and 162 K, respectively. The introduction of 
the relatively large guests into the host compound 
caused higher stabilization of the HS fraction and 
therefore T1/2 shifted down compared to the host 
molecule. Photoisomerization of incorporated 
guests and subsequently its impact on the magnetic 
behavior of the host showed to be strongly hindered 
by the host framework. Effective photoconversion of 
the guest in the solid state was suppressed because 
both the host and the guest absorbed the same UV 
(260—360 nm) light and the penetration depth of 
the light, which was supposed to induce the guest’s 
photoisomerization, was considerably reduced. 
Steric hindrance and specific interactions with the 
host probably constitute an insurmountable barrier 
for  the photoconversion of the guests within the 
host framework (Brachňaková et al., 2021).
Successful GD-LISC has recently been observed in 
{[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene with Fe(II) 
centers coordinated with equatorial [Ag(NCS)2]− 
linkers creating a 2D rhombic grid along the  bc-
plane interconnected by two ligands of L10  = 
= 1,4-bis(4-pyridyl)naphthalene along the  a-axis. 
A void space of empty clathrate is 1201.3  Å cor-
responding to 35.1  % of the unit cell. Edge-to-
face p-p interactions were observed between the 
trans-azobenzene molecules and the pyridine 
moiety of L10. Fe—N bond lengths were extended 
(~0.19  Å) upon heating, which is associated with 

	 a)	 b)	 c)

Fig. 15. Raman spectra measured upon 532 nm excitation at 293 K and 113 K for 
a) {Fe(L9)[Pt(CN)4]}·H2O·trans-azobenzene, b) {Fe(L9)[Pt(CN)4]}·H2O·trans-stilbene, and 

c) {Fe(L9)[Pt(CN)4]}·2.3H2O·0.6 cis-stilbene (Brachňaková et al., 2021).

Šagátová A et al., Thermal- and light-induced SCO effect in Fe(II) complexes…



37

the LS (90  K) to HS (298  K) conversion. Distor-
tion parameter Σ of the HS species was unusually 
low at ambident temperature (13.4 °) compared to 
that at 125  K (13.9  °), indicating the presence of 
elastic frustration which acts as the  fundamental 
mechanism for multi-step SCO. Orange-yellow 
crystals showed thermal hysteresis of four-step SCO 
behavior in the 75—200  K region (Fig. 16a, black 
and red circles). Photomagnetic experiments based 
on LIESST investigation were performed at 10  K 
and the excitation was induced by several laser 
sources (355, 473, 532, and 671  nm). Although 
UV light did not induce the excitation from LS to 
metastable HS state (Fig. 16a, purple circles), visible 
light (473, 532, 671 nm) induced photoconversion 
in 56 %, 66 %, and 39 % yields while cMT rapidly 
decreased upon heating and reached the baseline 
at about 70  K. Two-step relaxation was observed 
after the 473 nm and 532 nm irradiation (Fig. 16a, 
blue and green circles) and two minima related to 
T(LIESST) occurred at 50/62  K and at 50/61  K. 
However, exposure to 671  nm light resulted in 
one-step relaxation (T(LIESST) = 56 K) (Fig. 16a, 
orange circles). reverse-LIESST can be observed 
upon 830  nm irradiation hence light-induced 
SCO at 5  K was cycled ‘on’ and ‘off’ via alternat-
ing irradiation at 532 and 830 nm. (Fig. 16b) The 
light-induced effect was based on the principle of 
different spin states of Fe(II) ions instead of the 
photoisomerization of the azobenzene guests. The 
trans → cis photoisomerization (365 nm, 298 K, 12 h) 
of the trans-azobenzene guests in microcrystalline 
{[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene and its 
effect on the host’s magnetic properties showed 

that  T1/2  and  the character of four-step hysteresis 
remained the same after the  irradiation, but cMT 
increased to 1.03 cm3·K·mol−1 in low the tempera-
ture region (Fig. 17a) green line). This indicates that 
the LS → HS transition accompanied by trans → cis 
conversion occurred (~22  %) and the new HS 
phase of the Fe(II) ions was stabilized by the pho-
toconverted cis-azobenzene guest. Intermolecular 
interactions between the host and either trans- or 
cis-azobenzene guests before and after the UV ir-
radiation were investigated through the Hirshfeld 
surfaces. Relatively weak host-guest interactions 
were expected in planar trans-azobenzene arranged 
along 1D channel. Stronger steric hindrance of 
non-planar cis-azobenzene in the LS framework 
generated by multiple host-guest and guest-guest 
interactions caused extension of the pore size 
(2.9  %) and destabilized the host LS Fe(II) ions, 
which partly favored their transition to HS state 
upon the trans → cis azobenzene isomerization. 
Reverse-process of cis → trans isomerization (l ˃ 
˃ 400 nm, 298 K, 24 h) showed full cMT recovery 
at low temperatures and indicated the HS → LS 
conversion (Fig. 17a, red and blue lines). Recov-
ery to the original trans- LS state was estimated to 
be 62 % after 9 days in dark (Fig. 17a, grey line). 
The amount of new cis- HS or trans- LS species were 
identified by cMT changes upon either UV or vis-
ible light exposure. The same trend was observed 
at two different temperatures (20  K and T1/2 = 
= 154  K) but different starting values (~0.15  and 
2.10  cm3·K·mol−1, respectively) were determined. 
Increase or decrease of cMT with the irradiation 
time represents the LS → HS and HS → LS conver-

	 a)	 b)

Fig. 16. a) cMT vs. T plots of {[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene and its thermal SCO effect 
determined upon cooling (black) and heating (red circles). LIESST effect induced at 10 K by 355 nm 

(purple), 473 nm (blue), 532 (green), and 671 nm (orange circles) irradiation. b) Cycles of LIESST 
(green) and reverse-LIESST (pink circles) effects recorded as the time-dependence cMT plots, induced 

by 532 and 830 nm light, respectively, at 5 K (XIE et al., 2021).
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sions, respectively (Fig. 17b, blue and orange lines), 
while at 200  K, photoisomerization upon irradia-
tion did not cause any magnetism changes because 
the  SCO effect was complete and the Fe(II) ions 
were fully in the HS state (Fig. 17b, red line). These 
results confirmed the reversible GD-LISC effect at 
low temperatures based on cis ↔ trans isomerization 
of  trans-azobenzene guests induced by different 
light irradiation. The trans → cis photoisomerization 
of diluted {[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene 
in a BaSO4 tablet showed a decrease of absorbance 
p → p* band (324 nm) and a significant increase of 
n → p* band (435 nm) upon UV (365 nm) irradia-
tion (Fig. 17c). On the contrary, reverse cis → trans 
isomerization was either induced by  visible light 
(l ˃ 400 nm) or the dark and in both cases showed 
a decrease of the absorbance of n → p* band and 
significant increase of the p → p* band (Fig. 17d). 

Bidirectional isomerization of the guests was iden-
tified by using different light irradiation at 298 K in 
diluted polycrystalline form. Transmittance spectra 
of the KBr pellet {[Fe(L10)(Ag(CN)2)2]}·trans-
azobenzene showed a decrease and shift of the 
peak at 774  cm–1 to 778  cm–1, while the peak at 
690 cm–1 also decreased in intensity and a new peak 
appeared at 704  cm–1, which was assigned to the 
g(CH), d(NNC) and t(ring) vibrational modes of cis-
azobenzene. Based on the 690 cm–1 peak decrease, 
20 % conversion to the new cis- phase was calculated 
at 298 K (Fig. 17e, XIE et al., 2021).

Conclusion

This review is focused on mononuclear LD-LISC 
(ligand-driven light-induced spin change) active 
Fe(II) complexes with heterocyclic mono-, di-, 

	 c)	 d)	 e)

Fig. 17. a) cMT vs. T plots of {[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene before (blue) and after UV light 
(365 nm, 298 K, 12 h) (green), visible light (l ˃ 400 nm, 298 K, 24 h) irradiation (red); plot of 

photoproduct after UV irradiation in dark for 9 days (grey line). b) cMT change upon several cycles of 
irradiation (UV or VIS) measured at 20 K (blue), 154 K (orange), and 200 K (red line). c) Absorbance 
spectra of {[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene diluted in BaSO4 tablet before (blue) and after UV 

(365 nm, 298 K, 100 min) light irradiation (red line) representing cis → trans isomerization of 
trans-azobenzene guest. d) Absorbance change of reverse trans → cis conversion induced by visible light 

(l ˃ 400 nm, 298 K, 45 min) (blue line) identified based on photoproduct spectrum after UV irradiation 
(red line). e) Transmittance spectra of diluted {[Fe(L10)(Ag(CN)2)2]}·trans-azobenzene in KBr pellet 

before and after UV or VIS light irradiation at room temperature (XIE et al., 2021).

	 a)	 b)
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and tridentate N-donor ligands with photoactive 
ethylenephenyl or azophenyl moiety. Different 
Fe—N bond length lengths and distortion param-
eters between the paramagnetic more distorted HS 
state and diamagnetic LS state with shorter bond 
lengths were obtained based on different ligand 
fields, which is affected by the ligand’s electronic 
properties. Their magnetic characterization, 
like T1/2 and cMT values, are affected by various 
ligand substituents. The cis- or trans- configura-
tion of the photoactive moiety also influences the 
ligand field strength, and different spin states of 
the corresponding complexes is reached at some 
temperatures. Moreover, cis → trans isomerization 
of [Fe(cis-L1)4(NCSe)2] occurs by two different 
mechanisms based on the temperatures of the 
532  nm irradiation. Photoswitching at  ambient 
temperature based on the LD-LISC principle was 
partially successful for some of the above-described 
thin doped films, solutions, and polycrystalline 
samples of the homoleptic and heteroleptic Fe(II) 
complexes. This review is also focused on 2D and 
3D Fe(II) Hofmann coordination polymers, which 
showed thermal and photo-induced SCO effect. 
By incorporation of a photosensitive guest into 
the host clathrate, a new concept of GD-LISC 
(guest-driven light-induced spin crossover) ef-
fect is introduced based on the guest’s reversible 
trans ↔ cis isomerization. Reversible isomerization 
of trans-azobenzene upon UV and VIS irradiation 
resulted in spherical hindrance, which affected 
the geometry of Fe(II) centers in the low tempera-
ture region (T ≤ 154  K), and caused changes of 
cMT. These findings call for further investigation, 
which should be extended for different host and 
guest systems (larger size of pores).
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Abstract: Surface water and groundwater are polluted with pharmaceuticals, detergents, pesticides, and many 
other substances. Application of ferrates seems to be a perspective option for wastewater treatment as ferrates 
are not only powerful oxidizing agents but also an excellent disinfecting and coagulating agents decomposing 
many stable inorganic, organic, and biological compounds. Final products of their decomposition do not 
include carcinogenic or toxic products. In this paper, stability of electrochemically prepared potassium 
ferrate encapsulated in packaging materials printed on a 3D printer was monitored. In the experiment, 
electrochemically prepared potassium ferrate with different purity (21.4  %, 63.5  % and 67.3  %) was used. 
Stability of potassium ferrate was monitored for one month and that of other ferrates for three months. 
Different storage conditions of ferrate samples were also compared. Storage conditions had a significant 
influence on the ferrate stability.

Keywords: ferrate, stability, zeolit, encapsulation, 3D printing

Introduction

Currently, the issue of water contamination by 
various pollutants is very pressing. Surface and un-
derground waters are polluted by pharmaceuticals, 
daily hygiene products, cleaning agents, pesticides, 
and other substances. Removal of these unwanted 
substances from water and, therefore, from the 
environment in general, is a current problem. 
Ferrates (FeO4)2 are compounds of iron in the high-
oxidation state +VI. They are solid crystalline sub-
stances with characteristic dark purple color (Lee, 
2004; Kubiňáková, 2015). Ferrates are very strong 
oxidizing agents. They have high redox potential, 
which is the reason for their high reactivity but also 
for their relatively low stability. Their oxidation 
reduction potential is 0.72 V for alkaline environ-
ment and 2.2 V for acidic environment (Eng, 2006; 
Jiang, 2002). There are two ways of ferrates prepa-
ration: chemical and electrochemical. Chemical 
methods are multistep syntheses using a wide range 
of different chemicals. These, however, generate 
a lot of waste. There are two types of chemical 
methods: dry chemical oxidation and wet chemical 
oxidation. The first method is the oldest method of 
iron oxides preparation and is very dangerous as an 
explosion may occur at higher temperatures. In the 
electrochemical method, the working temperature 
used ranges from 20 °C to 70 °C for aqueous solu-
tions and from 70 °C to 170 °C for melts. Hydroxide 
concentration in the melts must be at least 70 wt. %. 
Synthesis is a two-step process where pure product is 
created, thus, the amount of waste produced during 

production is significantly decreased. In addition, 
the requirements for product cleaning decrease 
(Kubiňáková, 2015; Eng, 2006; Jiang, 2002; Jiang, 
2017; Mura, 2017; Mácová, 2009; Thompson, 1951). 
Ferrates break down stable inorganic, organic, 
and biological substances without carcinogenic or 
toxic products. They are called a “green oxidant” 
and during the decomposition, only substances 
commonly found in the environment (iron oxides 
and hydroxides) are formed. These substances are 
also coagulating, disinfecting, and oxidizing agents 
in water (Mura, 2017; Mácová, 2009). Considering 
these properties, they can be used in various fields; 
e.g. in organic syntheses, corrosion engineering, 
or in galvanic alkaline cells. The most promising is 
the use of iron oxides in the field of the cleaning 
and repurification of waste and surface water. Mur-
mann and Robinson  (1974) used ferrates in their 
research to reduce the quantity of metal ions Pb(II), 
Cu(II), Zn(II), Fe(III), Hg(II), Cd(II) and Cr(III) 
in river water and in water from wells. They used 
sodium ferrate (Na2FeO4), which subsequently de-
composed into ferric hydroxide (Fe(OH)3. A series 
of experiments were carried out to investigate the 
factors influencing the degradation of bisphenol 
A (BPA) by iron oxides. Degradation was effective 
and fast (3 min) with an efficiency of up to 97.5 % 
(Han, 2015). Feng and Sharma (2018), dealt with 
the removal of antibiotics by iron sulfur or iron sul-
fate (hydrogen sulfate) systems. These systems pro-
vided almost immediate oxidation of the removed 
antibiotics trimetropin (TMP) and flumequin 
(FLU). The oxidation lasted for 15 s and a smaller 
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dose of iron oxide was used than was necessary for 
the oxidation of iron oxide itself. Ni et al. (2020) 
addressed the removal of intracellular antibiotic 
resistance genes (ARGs) from the secondary efflu-
ent of wastewater treatment plants (WTPs) using 
iron oxides. The results showed that iron treatment 
can effectively remove 15 ARGs, which cover eight 
different types of resistance genes. Furthermore, 
viability and relative abundance of potential ARG 
hosts in wastewater decreased. However, a problem 
of their massive application is their very high redox 
potential which complicates their production and 
it is related to their relatively low stability during 
long-term storage. Encapsulation of ferrates can be 
used to solve this problem. The first solid potassium 
ferrate was encapsulated into molten paraffin and 
the stability of encapsulated Fe(VI) was monitored 
for 40 days (Yuan, 2008). Next, the encapsulation 
of K2FeO4 by the phase separation method in 
organic solvents with ethylcellulose and paraffin 
was studied. The stability of encapsulated Fe(VI) 
was monitored for 30  days (Wang, 2009). Encap-
sulation of Fe (VI) was detected in three different 
packaging materials. Three different materials (3D 
printed polyvinyl alcohol capsules, commercially 
available hydroxypropyl methylcellulose capsules, 
and gelatin capsules) were used. The stability of 
encapsulated Fe (VI) was monitored for 30  days 
(Czölderová, 2018). Chitosan has been studied as 
another material forming a shell layer for ferrate 
(VI). Chitosan-ferrite capsules remained stable for 
at least 20 days without significant loss of Fe (VI) 
content. It is questionable whether these results 
are relevant since the initial purity of iron oxide 
used was only 12 % (Chen, 2019). Considering all 
these materials used for encapsulation, three basic 
conclusions can be drawn. Encapsulation always 
has positive effect on stability. Encapsulation in 
these selected materials has negative effect on the 
oxidizing power of iron oxides during their subse-
quent use. Stability of encapsulated ferrates has so 
far been studied only within a relatively short time 
horizon (only for about a month). Yuan et al. (2008) 
dealt with the elimination of trichlorethylene 
from wastewater using paraffin-encapsulated iron 
oxides. The effects of three main factors: mixing 
time, ultrasound time, and water bath temperature, 
on the preparation of encapsulated iron oxide were 
studied. Primary research indicates that degrada-
tion of trichlorethylene (TCE) is more efficient in 
acidic environment. More than 90  % of TCE was 
degraded within the reaction time of 60 minutes in 
solutions with pH = 4 6 compared to only 60 % deg-
radation of TCE after 150 minutes in solutions with 
pH = 10. Mikolic-Bujanovic et al. (2020) studied the 
synthesis of microcrystals and barium ferrate na-

nocrystals (BaFeO4) employing precipitation from 
an electrochemically synthesized potassium ferrate 
solution using barium hydroxide. These crystals 
were then encapsulated with paraffin dissolved 
in cyclohexane and used to remove pesticide clo-
mazone from water with the removal efficiency of 
almost 95 %. When nonencapsulated BaFeO4 was 
used, the efficiency was lower by 20  %. Research 
of other materials suitable for ferrate encapsula-
tion is important for water treatment. Zeolites are 
used as they appear to be excellent sorption and 
filtration material due to their porous structure. 
These substances have proven to be extremely ef-
fective in the treatment of wastewater for selective 
groups of contaminants. Zeolites as an adsorbent 
are particularly suitable for the removal of metal 
ions. Adsorption of other toxic contaminants has 
also been investigated. In addition, they are a 
natural and nontoxic material. There are two types 
of zeolites: natural and synthetic. The first type of 
zeolites is often contaminated with various min-
eral impurities (volcanic glass, quartz, mica, etc.). 
Synthetic zeolites are modified chemically. They 
have larger active surface, higher sorption capacity, 
and improved physicochemical properties. Zeolites 
are used as building materials as a component of 
Portland zinc in the production of cement as they 
are resistant to aggressive environments (e.g. sea 
water). Another area of use is plant and animal 
production in agriculture. Zeolites are added to 
pig, poultry, and cattle feed to increase weight gain. 
Another important use of zeolites is in the produc-
tion of drugs and in the petrochemical industry. 
They are used in catalytic crackers to break down 
large hydrocarbon molecules into gasoline, diesel, 
kerosene, and waxes (Fajnor, 1989; Hudec, 2015).
In this study, stability of different encapsulated po-
tassium ferrate powders was monitored. They were 
encapsulated in packaging materials printed on a 
3D printer using different types of filaments (PVA, 
PLA, PVA+, and BVOH). The ferrates were in the 
form of a tablet and powder and they were stored 
for one month or for three months under different 
conditions (desiccator and laboratory).

Materials and Methods

Preparation of potassium ferrate
Potassium ferrate was prepared electrochemically 
in an electrolyzer (Híveš, 2018). In this paper, po-
tassium ferrates with the purity of 21.4  wt.  % to 
67,3 wt. % were used.

Determination of ferrates purity
Purity of the ferrates was determined spectrophoto-
metrically. A weighed amount of the ferrate sample 
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was dissolved in a 20 wt. % sodium hydroxide solu-
tion and filtered through an injection microfilter 
to remove insoluble residues, such as degradation 
products of ferrates (Fe(OH)3). Subsequent ferrous 
concentration was calculated using the Lambert-
Beer law based on the absorbance measured using 
a UV-VIS spectrophotometer (Specord 250  Plus, 
Analytik Jena, Germany).

Preparation of tablets
In the beginning, the effect of the ferrate content 
on tablet compactness was monitored. Several tab-
lets with zeolite:ferrate ratio of 95:5, 90:10, 70:30, 
50:50, 30:70 and 10:90 were prepared. The actual 
amounts of these mixtures of ferrate and zeolite are 
summarized in Table 1.

Tab. 1. Additions of mixtures of ferrate and zeolite 
required to produce tablets.

ratio 
zeolite: Fe (VI)

quantity 
of zeolite [g]

quantity 
of ferrate [g]

95:5 9,50 0,51

 90:10 9,01 1,01

 70:30 7,00 3,00

 50:50 5,00 5,01

 30:70 1,51 3,51

 10:90 0,50 4,50

To verify the compactness of the tablets, pressure 
tests were also performed indicating that the higher 
the amount of ferrate, the more compact the tablet. 
The tablet compactness was sufficient for conveni-
ent handling even with the smallest proportion of 
ferrates.
Three fractions of zeolites in the tablets production 
were applied. The third fraction, the thickest, was 
poorly compressible, and compact tablets could not 
be formed. The first and second finer fractions had 
powdery structure and resulted in compact tablets 
when mixed with ferrates. In the end, the second 
fraction was used in the production of tablets as it is 
not the softest one and, therefore, is technologically 
and economically more advantageous.
The production of tablets was carried out on a 
Kistler 2153A electromechanical press.

Preparation of capsules
Capsules were printed on a 3D printer (Creality 
ENDER 3-V2) from four materials: polylactic acid 
(PLA), which is biodegradable and has black color; 
butenediol vinyl alcohol copolymer (BVOH), which 
is soluble in water and has natural color; polyvinyl 
alcohol (PVA), and polyvinyl alcohol (PVA+), both 
soluble in water. The difference between PVA and 

PVA+ is that PVA+ is easier to compress. The capsules 
were pressed into the shape of a cube with the dimen-
sions (1.2 × 1.2 × 1.0) mm and (0.7 × 0.7 × 1.2) mm. 
The wall thickness of larger cubes was 0.2 mm and 
that of smaller cubes was 0.1 mm.

Experimental part
The prepared tablets were inserted into the printed 
capsules. The second part of the ferrate was col-
lected as a powder and placed in the capsule. It was 
the same amount as the amount needed to create 
one tablet. A part of the capsules prepared in this 
way was stored in a closed plastic zip sachet, without 
air access in a desiccator (humidity around 10 %), 
and the rest was stored freely in the air at tempera-
ture and light natural for laboratory environment 
(daylight, temperature in the laboratory of around 
(20  — 25)  °C), and humidity in the laboratory of 
around (30 — 60) %. Successive measurements fol-
lowing the decrease in the stability of encapsulated 
ferrates were planned for a period of 12 weeks for 
the long-term experiment and 30  days for the 
short-term experiment. The measurements were 
done at the same time for both encapsulated groups 
to determine the influence of the environment 
and storage on the stability of iron oxides. In the 
long-term experiment of 12 weeks was performed 
analogously. Stability of the encapsulated ferrates 
was also monitored at different conditions: in a 
desiccator and in the laboratory.

Results and discussion

In the first figure, graphs of the ferrates purity 
dependence on time in different environments are 
shown. The ferrate purity decreases in the order: 
ferrate tablet, ferrate tablet encased in a capsule of 
BVOH material, free ferrate powder, and ferrate 
powder placed in a BVOH capsule. The measure-
ments started at the purity of 67.3  %. In the first 
picture, potassium ferrate’s purity change with time 
is depicted for the experiments in a desiccator (Fig. 
1a) and in laboratory (Fig. 1b). Purity decrease was 
smooth and the value stabilized at 50 % for tablets 
and at 49 % for powders. For samples stored freely 
in the laboratory, ferrates purity was 45 % for tab-
lets while for powders it was only 41 %.
In Figure 2, the dependence of potassium ferrate’s 
purity on the time of experiment in a desiccator 
and in laboratory is depicted using biodegradable 
PLA filament. Purity of the ferrates used at the 
beginning was the same as that in the previous case. 
As in the previous case, only a slight decrease in the 
purity of free and encapsulated ferrates in tablet 
form can be observed. Purity of the ferrates stopped 
after 30 days and the values are very similar to those 
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	 a)	 b)

Fig. 1. Dependence of potassium ferrate’s purity on the time of experiment a) in desiccator, 
b) in laboratory for ferrate tablet, powder and encapsulated tablet and powder in BVOH.

	 a)	 b)

Fig. 2. Dependence of potassium ferrate’s purity on the time of experiment a) in desiccator, 
b) in laboratory for ferrate tablet, powder and encapsulated tablet and powder in PLA.

	 a)	 b)

Fig. 3. Dependence of potassium ferrate’s purity on the time of experiment a) in desiccator, 
b) in laboratory, comparison for nonencapsulated powder and powder in different encapsulation materials.

reached with the previous packaging material. Even 
in this case, from the point of view of stability, the 
environment in the desiccator, without the presence 
of air humidity and CO2, appears to be better.

In Fig.  3, ferrate’s purity for free ferrate powder 
and ferrate powder placed in a capsule decreases 
with time in different environments. The capsules 
were from different materials: PVA, PVA+, BVOH 
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and PLA. Measurements started at the purity of 
21.4 % and the decrease in purity was smooth when 
the samples were placed in a desiccator (Fig. 3a), 
its value stabilizing at 12.8 % for material PVA and 
BVOH, at 12.6  % PVA+, and 12.7  for PLA, while 
it stabilized at 12.5 % for powder. Unlike measure-
ments of samples stored freely in the laboratory 
(Fig. 3b), where the decrease in purity was signifi-
cant: 10.1  % for PVA, 10  % for PVA+, 11.2  % for 
BVOH, 10.9 % for PLA, and only 9 % for the ferrate 
powder.
Fig. 4 shows the dependence of the ferrate’s purity 
on time in different environments. Purity decrease 
for free ferrate powder and ferrate powder placed 
in a capsule from PLA and BVOH. The measure-
ments started at the purity of 63.5  % and the 
decrease in purity was significant when for samples 
in a desiccator (Fig. 4a): 51.8  % for PLA, 51.7  % 
for BVOH, and only 50.7 % for free powder. The 
purity stabilized at 44.4  % for ferrate powder. In 
samples stored freely in the laboratory (Fig. 4b), the 
purity stabilized at 45.2 % for PLA, and at 49.9 % 
for BVOH.

Conclusion

Potassium ferrate was prepared electrochemically 
in high purity. Encapsulation was implemented 
using three different ways: various water-soluble 
or biodegradable capsules printed on a 3D print-
er; natural substances- zeolites, a combination of 
zeolites and 3D printed capsules. Ferrate (and 
ferrate mixture) was used in powder form and 
in tablet form. At the same time, the influence 
of different storage conditions on the ferrates 
degradation rate was monitored. Within 30 days 
of experiments, a 3D printed capsule made of 
BVOH and PLA had no significant effect on the 

	 a)	 b)

Fig. 4. Dependence of potassium ferrate’s purity on the time of experiment a) in desiccator, 
b) in laboratory, comparison for free ferrate powder and powder encapsulated in PLA and BVOHr.

degradation rate of almost 70 % pure ferrate. The 
decrease in purity was slight but continuous for 
both free and encapsulated ferrates. A positive 
effect on stability is evident for storage in an en-
vironment without access to air. Within 12 weeks, 
ferrates encapsulated in 3D printed capsules 
from PVA, PVA+, BVOH and PLA showed slight 
but continuous decrease in purity. The 12 weeks 
experiments with ferrate encapsulation in a 3D 
printed capsules from PLA and BVOH showed 
significant changes after only six weeks. Better re-
sults were obtained when the samples were stored 
in air-free environment.
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Abstract: Natural sources and healthy cereal-based food have recently received a lot of attention by both 
professionals and the common population for improving overall well-being. In this case, Opuntia cactus and 
Opuntia derivates show high potential in the production of health-promoting cereal-based products.
This study comprehensively reviews nutritional composition, health benefits of Opuntia spp. and its utilisation 
in the production of bread and pasta products. Moreover, the effect of this ingredient on the rheological 
properties of wheat dough and physical parameters as well as sensory properties of incorporated products is 
also discussed.

Keywords: bread, dough rheology, nopal, Opuntia, pasta, sensory attributes

Introduction

Due to increasing awareness and interest in health 
and various beneficial diets, the demand for value-
added food continues to rise. Cereals and bakery 
products have the main importance in human 
nutrition, they are widely available and represent 
the main food source for humans. Bakery products 
are considered suitable medium for nutrients, par-
ticularly dietary fibre. Consequently, the bakery in-
dustry is one of the fastest growing food industries 
in the world (Biljwan et al., 2019; Codină, 2022).
Incorporation of bakery products with plant ma-
terials offers opportunities to include beneficial 
components into the human diet. The positive ef-
fects of plant sources can be obtained from active 
components found in the entire plant, parts of 
the plant or plant materials, whether in the crude 
or processed state. Nowadays, there is increasing 
interest in Opuntia cactus, fruits, and cladodes, 
because of their high content of valuable bioactive 
compounds. Numerous studies have been focused 
on this topic (Das et al., 2012; Msaddak et al., 2017; 
Andreu et al., 2018; Rocchetti et al., 2018; Berrabah 
et al., 2019; Baniwal et al., 2021; Dubeux et al., 
2021; Sciacca et al., 2021).
The genus Opuntia spp. includes more than 
300  species of cacti. Opuntia is a tropical to sub-
tropical plant belonging to the Cactaceae family, 
which originates in America. However, due to its 
high adaptability to different climatic conditions 
(drought, high temperatures, UV radiation), its 
production has expanded to Europe and Africa 
(Oniszczuk et al., 2020; Taşkin and Aksoylu, 2021). 
This genus appears to have its centre of genetic di-

versity in Mexico where it originates from and is still 
extensively produced. The other largest producers 
and suppliers of Opuntia spp. include Mediterra-
nean countries, India, the USA, and South Africa 
(Taşkin and Aksoylu, 2021). Currently, Mexico and 
Italy are the main producer countries, accounting 
for approximately 70  % and 3.3  % of the global 
production on approximately 590  000 ha, respec-
tively (Silva et al., 2021). Moreover, Mexico has the 
widest variation comprising at least 126 species with 
various degree of domestication (Wit and Fouché, 
2021). It is confirmed that due to domestication, 
Opuntia spp. has improved in shape, colour, flavour, 
texture, and mucilage quality and quantity (Díaz et 
al., 2017; López-Palacios et al., 2019).
Morphologically, the plant consists of root, vegeta-
ble part (cladodes or stems), fruit (peel, pulp, seeds), 
and flower. The fruit is also known as “cactus pear” 
or “prickly pear” in different growing areas (Stintz-
ing and Carle, 2005; Amani et al., 2019). While the 
cactus is primarily produced for its edible fruit, 
several parts of the cactus (mainly seeds, cladodes, 
and flowers) are utilised in the food and cosmetic 
industry (Osuna-Martínez et al., 2014; Abbas et al., 
2022).
Opuntia species globally produced include Opuntia 
ficus-indica, Opuntia robusta, Opuntia streptocantha, 
Opuntia amyclaea, Opuntia megacantha, Opuntia 
hyptiacantha, Opuntia rastera, Opuntia engelmannii, 
Opuntia phaecantha, Opuntia dillenii cactus and 
Opuntia lindheimeri (Yahia and Sáenz, 2011). It 
was found that these species are a good source of 
natural bioactive compounds such as dietary fibre, 
polysaccharides, vitamins (A, B1, B2, and C), 
antioxidants (phenolic compounds), and minerals 
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(mainly Mg, Ca, K, Mn, and Fe). Many of these 
compounds have beneficial hypoglycemic, anti-
inflammatory, and antimicrobial effects. Due to the 
potential health benefits of Opuntia, current studies 
are focused on incorporating different parts of this 
plant into various foods, including baked goods 
(Das et al., 2021; Silva et al., 2021; Taşkın and 
Aksoylu, 2021; Abbas et al., 2022).
Currently, Opuntia ficus-indica is the most promoted 
and domesticated species worldwide for commer-
cial production (Barba et al., 2017; Mazri, 2021). 
Opuntia ficus-indica is assumed to be a spineless 
species obtained from Opuntia megacantha, a native 
species from Mexico (Díaz et al., 2017; Mounir et 
al., 2020).

Chemical composition

The content of bioactive compounds, chemical 
composition, and the nutraceutical potential of 
Opuntia spp. depend on many factors, including 
production practices, region, climatic conditions, 
plant age, and maturation stage (Amaya-Cruz 
et al., 2019; Al Juhaimi et al., 2020; Pessoa et al., 
2020; Taşkın and Aksoylu, 2021). Tab. 1 provides 
the chemical composition of different parts of the 
commonly grown species Opuntia ficus-indica (Cota-
Sánchez, 2016; El-Beltagi et al., 2019; Mounir et al., 
2020; Silva et al., 2021).

Cladodes
Opuntia cladodes represent the green stems of the 
plant (Ginestra et al., 2009; Magarelli et al., 2022). 
Proximate composition of cladodes from different 
Opuntia spp. has been evaluated by various authors, 
and the values are always variable (Astello-García 
et al., 2015; Díaz et al., 2017; Dubeux et al., 2021; 
Perucini-Avendaño et al., 2021; Hernández-Becerra 
et al., 2022). These variations can be attributed to 
different environmental conditions at the produc-
tion site, as well as structural differences between 

individual species (Angulo-Bejarano et al., 2014). 
Tab. 2 shows the chemical composition of cladodes 
from selected wild and domesticated Opuntia spe-
cies (Astello-García et al., 2015; Díaz et al., 2017).
According to Diaz et al. (2017), De Santiago et al. 
(2018), and Rocchetti et al. (2018) water is the pri-
mary component of Opuntia ficus-indica cladodes 
(80—95  %), followed by carbohydrates (3—7  %), 
fibre (1—3 %), and proteins (0.5—1 %) (Diaz et al., 
2017).
Studies by Figueroa-Pérez et al. (2018) and 
Perucini-Avendaño et al. (2021) have revealed that 
certain wild  Opuntia species  have higher protein 
content compared to most domesticated species. 
For example, Opuntia robusta can reach protein 
values in the range from 17.40 % to 19 %. Higher 
protein content has also been reported in young 
cladodes. Significant differences in the composi-
tion between young and mature cladodes was also 
discovered in the content of amino acids. In young 
cladodes, various amino acids like alanine, isoleu-
cine, and asparagine were found, whereas mature 
cladodes have shown only threonine content (Díaz 
et al., 2017; Figueroa-Pérez et al., 2018; Perucini-
Avendaño et al., 2021).
Carbohydrates present in cactus cladodes can be 
divided into two types, structural carbohydrates, 
and  storage carbohydrates. Structural polysac-
charides are mainly cellulose (21.6  %), hemicel-
lulose (8.19 %), and lignin (36 %). They are part 
of the cladodes cell wall and contribute to dietary 
fibre. The main constituents of storage carbohy-
drates are monosaccharides (glucose, galactose, 
arabinose, rhamnose, fructose), galacturonic, 
and glucuronic acid (López-Palacios et al., 2016; 
Perucini-Avendaño et al., 2021). Carbohydrates 
also include mucilaginous components that 
contain polymers, such as chains of (1-4)-linked 
b-D-galacturonic acid and R(1-2)-linked L-rham
nose residues (Ginestra et al., 2009; Perucini-
Avendaño et al., 2021).

Tab. 1.	 Nutritional composition (g/100  g) of Opuntia ficus-indica different parts (Cota-Sánchez, 2016; 
El-Beltagi et al., 2019; Elshehy et al., 2020; Mounir et al., 2020; Silva et al., 2021).

  Opuntia ficus-indica part

Component Pulp Seed Peel Cladode

Water 84—94.40 18 90.30 87.01—94

Ash 0.24—4.03 10.37 0.29 1.08—2.97

Protein 0.08—1.60 3.67 0.14 0.30—1.39

Lipids 0.04—0.97 3.00—16.30 0.04—2.43 0.11—1.83

Total fibre 0.02—5.37 54.20DM 0.65 2.70—4.14

Carbohydrates 92.50 – – 5.63—8.52

Starch 4.55DM 5.35DM 7.12DM 0.71DM

DM — dry matter
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Tab. 3 lists the mineral composition of Opuntia spp. 
cladodes (Jun et al., 2013; Astello-García et al., 2015; 
Díaz et al., 2017). Several studies have shown that, in 
general, K and Ca are present in higher concentra-
tion compared to other minerals (Jun et al., 2013; 
Astello-García et al., 2015; Díaz et al., 2017; Dubeux 
et al., 2021). Cladodes of some species (Opuntia hu-
mifusa) are characterised by even higher Ca content 
than cow milk (113—122  mg/100  g), some fruits, 
vegetables, and nuts. Examples include spinach 
(1151 mg/100 g), lettuce (703 mg/100 g), cabbage 
(511 mg/100 g), and broccoli (43 mg/100 g) (Cebal-
los et al., 2009; Astello-García et al., 2015; Kapadiya 
et al., 2016; Díaz et al., 2017; Lambrini et al., 2021).
Cactus cladodes contain significant amounts of 
organic acids such as malic acid, citric acid, and 
succinic acid (Figueroa-Pérez et al., 2018; Wit and 
Fouché, 2021). Andreu et al. (2018) identified 
malic acid as the prevailing organic acid in cladodes 
(71.8 g/L).
Cladodes are characterised by low fat content 
(Elshehy et al., 2020). Rocchetti et al. (2018) and 
El-Safy (2013) documented that the amount of fat 
in Opuntia ficus-indica cladodes varies from 0.11  to 
0.87 %. The most abundant fatty acids in cladodes 
are linoleic acid (C18:2) (25.84—53.77  %), pal-

mitic acid (C16:0) (15.02—26.54 %), and oleic acid 
(C18:1c9) (8.52—36.30 %). Previously, it was found 
that the content of linoleic acid in cladodes is simi-
lar to that in argan oil (29—41 %), but lower than 
that determined in soybean (53.3  %) and barley 
(51.2 %) (Abidi et al., 2009; El-Mostafa et al., 2014; 
Andreu-Coll et al., 2019; Gharby et al., 2021; Wit 
and Fouché, 2021).
Total phenolic content of Opuntia spp. varies and 
correlates with the domestication gradient of indi-
vidual species (Díaz et al., 2017). The wild species 
Opuntia streptacantha show the highest concentra-
tion of phenolic compounds (Astello-García et al., 
2015). The most frequently occurring phenolic 
compounds in Opuntia spp. (domesticated as well 
as wild species) include quercetin (90.5 μg/g), 
kaempferol (12.9—45.6  μg/g), and isorhamnetin 
(58.9—326.9 μg/g) (Díaz et al., 2017).

Fruits
Opuntia fruit consists of a juicy pulp (28—58 % of 
the fruit mass) with seeds (2—10 %), encompassed 
by a thick peel (37—67  %) (Mona and Nesreen, 
2011; Barba et al., 2017). Opuntia fruits contain a 
large amount of water, approximately 84—93 % of 
the fresh mass. Monosaccharides, as well as dietary 

Tab. 2.	 Chemical composition of wild and domesticated species of Opuntia spp. cladodes 
(Astello-García et al., 2015; Díaz et al., 2017).

Species
Composition (g/100 g)

Phenolic acids 
(mmol GA/g)

Flavonoids 
(mmol 

quercetin/g)

Proteins Fat
Crude 
Fibre

Ash

Opuntia streptacantha  11.20 0.73   7.30 12.60 56.80 18

Opuntia hyptiacantha  11 0.80   6.50 15.10 33.40 17.10

Opuntia megacantha  10.70 0.69   6.50 13.60 44.70 16.80

Opuntia albicarpa  11.60 0.75   6.50 13.20 40.80 17.20

Opuntia ficus-indica  11.20 0.69   5.90 14.40 40.10 19.40

Opuntia humifusa   4.70 1.25 50.30 2 – –

GA — gallic acid

Tab. 3.	 Mineral composition of wild and domesticated species of Opuntia spp. cladodes 
(Jun et al., 2013; Astello-García et al., 2015; Díaz et al., 2017).

Species
Minerals (mg/100 g of sample)

K Ca Na P Fe Mn

Opuntia streptacantha  2213   667   70 0.09 2.90 16.50

Opuntia hyptiacantha  2690   740   87 0.09 3.90   9.80

Opuntia megacantha  1960   683 137 0.08 5.10 13.30

Opuntia albicarpa  1956   647   77 0.09 0.70 24.10

Opuntia ficus-indica  2403   627   63 0.09 8.60 13.80

Opuntia humifusa  1269 1968 – 1110 – 1411
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fibre (about 50 % of dry matter in total) are the main 
components of dry matter. Proteins accounting for 
about 8.30  % of dry matter and lipid content are 
negligible (0.09—0.7 %) (Feugang et al., 2006; De 
Wit et al., 2010).
In general, the fruit pulp shows lower protein and 
dietary fibre content than seeds and peel. The 
highest amounts of dietary fibre, protein and lipids 
were found in seeds (54.2  %, 11.8  % and 6.77  %, 
respectively) (Silva et al., 2021).

Minerals, sugars, and organic acids
Opuntia fruit pulp is considered a good source of 
minerals, especially Ca (12.8—59  mg/100 g), K 
(90—220 mg/100 g), and Mg (16.1—98.4 mg/100 g). 
Seeds are rich in minerals (Mg, P, K, Zn, Cu) and 
sulphur amino acids (Feugang et al., 2006; Özcan 
et al., 2011; Jana, 2012). Relatively high total sugar 
content (12—17 %) and low acidity render sweet but 
sometimes bland taste to the fruit. Sugar composi-
tion in the fruit pulp is very simple, consisting of 
glucose and fructose in virtually equal amounts, 
while the organic acid pattern is dominated by citric 
acid ranging from 1.60 to 3.20 g/L in peel and pulp 
(Feugang et al., 2006; De Wit et al., 2010; García et 
al., 2020).

Vitamins, carotenes, and amino acids
Vitamins are nutritionally important constituents 
of the Opuntia fruit. Beta-carotene and fat-soluble 
vitamin E — tocopherols were found in the lipid 
fraction of both cactus fruit pulp and seeds. Vita-
min E homologues isoforms gamma-tocopherol 
(3.3 g/100 g) and delta-tocopherol (0.05 g/100 g) 
are the main components of the pulp and seed oils, 
respectively, representing approximately 80 % of the 
total vitamin E content (Jana, 2012; Berrabah et al., 
2019; Oniszczuk et al., 2020). Eventually, only trace 
amounts of ascorbic acid, vitamin B6, vitamin B1, 
niacin, riboflavin, and pantothenic acid have been 
found in fruit pulp (Feugang et al., 2006; Medina 
et al., 2007; Berrabah et al., 2019; Oniszczuk et al., 
2020). Several authors found that Opuntia contains 
a substantial number of amino acids, especially two 
predominant amino acids: proline (1265.2  mg/L) 
and taurine (434.3  mg/L), followed by serine 
(174.5 mg/L) (Feugang et al., 2006; Slimen et al., 
2016; Berrabah et al., 2019; Oniszczuk et al., 2020).

Lipids
Fruit pulp contains lower amounts of oil (0.1—
1.0 %), representing approximately 8.70 g of total 
lipid content per 1 kg of pulp dry weight compared 
to 98.8  g of total lipid content per 1  kg of seeds 
(Feugang et al., 2006). The major representative 
of fatty acids is linoleic acid with a content range 

from 20.19—53.85 %. Other abundant compounds 
are oleic and palmitic acids (Andreu-Coll et al., 
2019).
The peel fraction contains 36.8 g of lipids per 1 kg 
(Feugang et al., 2006). In this case, the major fatty 
acids are linoleic acid ranging from 39.58—52.02 %, 
followed by oleic (6.83—30.99  %) and palmitic 
(21.53—32.06  %) acids. The next most common 
compounds are linoleic acid (18.70—21.88 %) and 
stearic acid (1.74—3.76  %) (Feugang et al., 2006; 
Andreu-Coll et al., 2019).

Phenolic compounds
High antioxidant activity of Opuntia fruit pulp and 
peel is attributed to its content of polyphenols and 
betalains. Betalains present in the epidermis give 
the Opuntia fruit a colour ranging from yellow 
to purple (betaxanthins: orange and yellow and 
betacyanins: blue and red). These pigments are 
derivates of betalamic acid (Khatabi et al., 2016; 
Ciriminna et al., 2019; Oniszczuk et al., 2020). 
Oniszczuk et al. (2020) reported high free radical 
scavenging potential of DPPḤ (99.7  %) and total 
phenolic content of 14.9 mg GAE/g dry weight in 
Opuntia fruits. Fruit is considered a good source of 
flavonols, of which quercetine (58.7 %) was detected 
as predominant, followed by isorhamnetin (31.7 %), 
luteolin (11.5  %), and kaempferol (11  %) (Barba 
et al., 2017). Furthermore, Opuntia fruits are also 
a rich source of free phenolic acids (57.96 μg/g of 
dry matter), especially benzoic and cinnamic acid 
derivatives (Ramírez-Moreno et al., 2017; Onisz
czuk et al., 2020; Taşkın and Aksoylu, 2021).

Health benefits

Despite the enormous amount of synthetic sub-
stances used today, there is a growing trend to use 
natural compounds to prevent and manage chronic 
diseases. In addition, their promising effects are 
supported by scientific studies and evidence as 
possible therapeutics under certain conditions 
(Hashem et al., 2020; Abd-Elhakim and Al-Sagheer, 
2021).
Opuntia spp. has been used for centuries in tra-
ditional medicine due to their beneficial health 
properties in chronic diseases, particularly obe-
sity, diabetes, cardiovascular diseases, and cancer 
(Aragona et al., 2018; Abd-Elhakim and Al-Sagheer, 
2021). Recent scientific studies, both in vitro and 
in  vivo, have demonstrated the pharmacological 
potential of Opuntia spp., indicating the need for 
further research (El-Mostafa et al., 2014; Madrigal-
Santillán et al., 2022). Several authors described 
different parts of Opuntia ficus-indica (cladodes, 
fruit pulp, peel, and seeds) and their extracts have 
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been characterised by various favourable biological 
activities (Abd-Elhakim and Al-Sagheer, 2021); in 
particular, its cholesterol-lowering, anti-ulcer, anti-
inflammatory,  cardioprotective, antidiabetic, neu-
roprotective, hepatoprotective, and wound healing 
effect (Milán-Noris et al., 2016; Aruwa et al., 2018; 
Abbas et al., 2022).
The antihyperglycemic effect of Opuntia spp. is 
related to its high fibre content (Díaz et al., 2017; 
Gouws et al., 2019b; Rbia and Smiti, 2019; Kashif 
et al., 2022). Deldicque et al. (2013) and Aragona 
et al. (2018) reported that oral intake of Opuntia 
ficus-indica (cladodes, flower extracts) contributes to 
insulin release in serum, so the extract can reduce 
blood glucose. Aragona et al. (2018) and Gouws et 
al. (2019b) documented that Opuntia fibre can slow 
the rate of intestinal absorption of glucose.
Recently, Opuntia spp. has been confirmed to 
play an important role in the prevention of  car-
diovascular diseases (Osuna-Martínez et al., 2014; 
Daniloski et al., 2022; Madrigal-Santillán et al., 
2022). Antiatherogenic properties of cacti can be 
attributed to its high content of substances with 
antioxidant potential. Opuntia species contain 
mostly flavonoids, with significant amounts of 
quercetin followed by isorhamnetin, luteolin, and 
kaempferol, which can decrease lipid peroxidation 
and help prevent or slow down the development 
of atherosclerosis (Osuna-Martínez et al., 2014; 
Díaz et al., 2017). Although antioxidants are able 
to block lipid peroxidation, their lipid lowering 
properties are not completely clarified (Abd-
Elhakim and Al-Sagheer, 2021).
According to the World Health Organization, can-
cer is classified as the second main cause of death. 
The fruit of Opuntia spp. is indicated as a promising 
natural source of functional substances for the de-
velopment of novel chemotherapeutic agents. The 
anticancer activity of fruits is mostly connected to 
bioactive polysaccharides composed of rhamnose, 
arabinose, and glucose, which induce cell apoptosis 
or cell cycle arrest in different types of cancer cells 
(Abdulazeem et al., 2018; El-Beltagi et al., 2019; 
Dalila et al., 2021).
Abdulazeem et al. (2018) showed the cytotoxic 
effects of different parts of Opuntia on cancerous 
cell lines. In vitro tests have show that the Opuntia 
fruit extract inhibits the proliferation of ovarian, 
cervical, and bladder cancer cell lines (Abdulazeem 
et al., 2018; Dalila et al., 2021; Madrigal-Santillán 
et al., 2022). Based on the previously described 
reports, it can be summarised that the Opuntia 
plant represents a safe and promising available 
alternative drug, which could lead to new research 
in cancer therapy (Abou-Elella and Ali, 2014; Dalila 
et al., 2021; Madrigal-Santillán et al., 2022).

On the other hand, a few cases reporting allergic 
contact dermatitis with Opuntia fruit have also been 
published (Yoon et al., 2004; García‐Menaya et al., 
2009). The small glochids (hair-like or short prick-
les) from this crop cause dermatological problems 
by physical penetration into the skin (Otang et al., 
2014). Patients developed an erythematous plaque 
with exudation followed by itching. The skin lesions 
improved after application of topical and systemic 
corticosteroids (Yoon et al., 2004; García‐Menaya et 
al., 2009; Otang et al., 2014).

Opuntia as a potential ingredient 
of cereal based products

Several parts of Opuntia spp., such as seeds, stems, 
pear pulp, peel, and mucilage are potential ingre-
dients in breadmaking or in other cereal products. 
These raw materials are usually applied in pow-
dered form (Gül, 2021).
During processing, plant material collected from 
plantations is washed with distilled water and 
disinfected in order to eliminate microorganisms 
(Contreras-Padilla et al., 2016; Di Bella et al., 2022).
After than, fruits are cleaned with a brush to re-
move prickles and dirty particles. Peels are manu-
ally removed by a knife and cut into slices, seeds are 
separated from the pulp by sieving and processed 
individually (El-Shahat et al., 2019; Abou-Zaid et 
al., 2022).
Vegetative parts, i.e., cladodes are cleaned and cut 
longitudinally or into cubes (Moreno-Álvarez et al., 
2009; Msaddak et al., 2017).
In the next step, individual parts of pre-treated 
Opuncia plant (cladodes, fruit peel, and seed) are 
processed by drying using various drying methods: 
sun drying (Nharingo and Moyo, 2016; Rebah and 
Siddeeg, 2017; Reda and Atsbha, 2019; Albergamo 
et al., 2022), convection drying (45—60°C) (Touil 
et al., 2014; Cruz-Rubio et al., 2020; Di Bella et al., 
2022) or freeze-drying (–18°C) (Gouws et al., 2019a; 
Romero et al., 2021) until the required moisture 
content is reached (4—8  %) (Cruz-Rubio et al., 
2020).
Seeds obtained from the fruit pulp can be roasted 
after drying. This procedure improves sensory 
acceptance of seed products (Ali et al., 2020; Gül, 
2021).
Special by-product derived from Opuntia spp. is cac-
tus mucilage. It is a slimy polysaccharide substance 
that appears right after cutting or crushing the 
cladode cuticle (Hussain et al., 2022a). Mucilage 
is a promising hydrocolloid because of its ability 
to retain large amounts of water and create gels 
(Rodríguez‐González et al., 2014; Sepúlveda et al., 
2007). Preparation of mucilage extract includes 
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Fig. 1. Flow chart of processing different parts of Opuntia ficus-indica into cladodes, seeds and mucilage 
powders (Contreras-Padilla et al., 2016; Dick et al., 2019; Reda and Atsbha, 2019; Ali et al., 2020; 

Dick et al., 2020; Nabil et al., 2020; Chaloulos et al., 2021; Sciacca et al., 2021).
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several steps; first, cladodes are crushed to obtain 
pulp that is homogenised, heated, precipitated, and 
filtered to get the mucilage extract. The prepared 
product can be processed by drying to obtain mu-
cilage powder (Dick et al., 2019; Dick et al., 2020).
Dried material from various parts of Opuntia plant 
is usually ground and sieved to obtain the powder 
(Ali et al., 2020; Gül, 2021). Powder particle sizes 
vary from 80  to 500  μm (Moreno-Álvarez et al., 
2009; Chahdoura et al., 2018; Rayan et al., 2018; 
Anchondo-Trejo et al., 2020; Arias-Rico et al., 2020; 
Parafati et al., 2020).
Previously it was stated that the drying method 
significantly affects the composition of final 
powders. The most preferred method of drying 
in commercial production of Opuntia powder is 
convention drying. This is the most economical 
method, especially if it is done using a solar drier, 
which is optimally suited to the dry and hot regions 
where Opuntia spp. is produced. However, a big dis-
advantage of this method is thermal degradation of 
bioactive compounds and the subsequent change in 
the quality profile of the plant material (Ali et al., 
2020; Barba et al., 2020; Cruz-Rubio et al., 2020). 
According to Ali et al. (2020), temperature used 
during drying should not reach 60 °C. The muci-
lage quality is the most affected by temperature as 
mucilage proteins and polysaccharides undergo 
partial denaturation at high temperatures (León-
Martínez et al., 2011; Barba et al., 2020; Cruz-Rubio 
et al., 2020).
Opuntia ficus-indica commonly known as nopal 
cactus, is the most widespread and commercially 
important cactus used in powder form; also, most 
published studies focus on this species (Dick et al., 
2019; Reda and Atsbha, 2019; Dick et al., 2020; Gül, 
2021). A detailed diagram of the individual parts 
of nopal cactus processing into powdered form is 
shown in Fig. 1. (Contreras-Padilla et al., 2016; Dick 
et al., 2019; Reda and Atshba, 2019; Ali et al., 2020; 
Dick et al., 2020; Nabil et al., 2020; Chaloulos et al., 
2021; Sciacca et al., 2021).

Incorporation of Opuntia into 
cereal-based food products

Recently, attempts to incorporate Opuntia spp. into 
various cereal-based foods,  predominantly bread, 
pasta, cakes, and gluten-free products have been 
made to improve their nutritional quality. Most 
published studies focus on the production of bakery 
products by partially substituting wheat flour with 
Opuntia powders (Guevara-Arauza et al., 2015; An-
war and Sallam, 2016; Mata et al., 2016; Jotangiya 
and Samani, 2017; Rayan et al., 2018; Liguori et al., 
2020; Gül, 2021). The significant number of  po-

tentially  active nutrients (dietary fibre, proteins, 
phenolic compounds) and their multifunctional 
(hydration, textural, stabilising and hydrocolloid) 
properties make edible parts of Opuntia spp. great 
candidates for the production of health-promoting 
cereal-based foods with reduced energy and carbo-
hydrate levels (Jana, 2012; Msaddak et al., 2017; Ali 
et al., 2020).

Bread
Bread, commonly consumed food worldwide, is 
usually prepared by mixing simple ingredients such 
as wheat flour, water, salt, and yeast. It is character-
ised by low antioxidant potential and therefore en-
richment with bioactive compounds could increase 
its nutritional quality (Dziki et al., 2014; Msaddak et 
al., 2017). The addition of Opuntia spp. derivatives 
could produce bread containing higher propor-
tions of protein, fibre, and phenolic compounds, as 
well as increase oxidative stability of bread (Ali et 
al., 2020; Gül, 2021).
Several studies have reported that many parts of 
Opuntia spp. such as cactus peel fruits, cladodes, 
seeds and fresh mucilage have great potential to 
be used in breadmaking (Anwar and Sallam, 2016; 
Ali et al., 2020; Gül, 2021; Sciacca et al., 2021). 
However, cladodes are the most common parts of 
the cactus that are used in the production of bread 
(Moreno-Álvarez et al., 2009; De Wit et al., 2015; 
Msaddak et al., 2017; Gül, 2021; Sciacca et al., 2021).

Rheological parameters of dough
Rheological behaviour of dough is very important 
because it has significant effect on baking charac-
teristics, mechanical properties of the dough and 
quality of final products (Mirsaeedghazi et al., 
2008; Culetu et al., 2021).
Farinograph water absorption (WA) represents the 
amount of water required to produce a dough of 
optimum consistency depending on the content of 
wheat gluten in the flour (Linlaud et al., 2009; Hus-
sin et al., 2022). It is well known that the addition 
of non-protein components modifies WA of flour 
(Wang et al., 2016; Hussin et al., 2022).
Moreno-Álvarez et al. (2009) and Sciacca et al. 
(2021) have concluded that incorporation of 
cladode powder to wheat or durum wheat flour at 
different levels (5—20  %) significantly increased 
WA. This can be explained by higher water holding 
capacity of cladode powder attributed to the pres-
ence of a large amount of dietary fibre (Msaddak et 
al., 2015; Taşkın and Aksoylu, 2021). Similar results 
have also been reported for flour mixtures based 
on plant materials with high fibre content, such 
as pumpkin, carrot, hemp (Moreno-Álvarez et al., 
2006; Turksoy and Özkaya, 2011; Shahzad, 2012). 
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In the fibre structure, hydroxyl groups which  ab-
sorb a significant quantity of water by hydrogen 
bonding are present (Moreno-Álvarez et al., 2009; 
Gül, 2021).
During dough mixing, water hydrates flour com-
ponents and dough is developed (Lauková et al., 
2016). Dough development time (DDT) is the time 
required for the dough to reach its optimal consist-
ency during mixing (Hussain et al., 2022a). Several 
researchers have documented that the increase in 
the level (3—15  %) of cladode powder in dough 
resulted in prolongation of DDT (Sciacca et al., 
2021; Hussain et al., 2022a, 2022b). Elhassaneen et 
al. (2022) suggested that this effect can be caused by 
the formation of a gluten-fibre complex inhibiting 
the protein hydration and gluten structure develop-
ment.
The addition of Opuntia cladodes to wheat dough 
also influences dough stability (DS) (indication of 
dough strength) and elasticity (ability to bounce 
back once dough is stretched) (Nassar et al., 2008; 
Ayadi et al., 2009; Patel and Chakrabarti-Bell, 
2013; Sciacca et al., 2021). De Wit et al. (2015) and 
Moreno-Álvarez et al. (2009) documented that 
inclusion of 5—20 % of cladode powder into wheat 
dough decreased DS. This effect is attributed to 
the higher dietary fibre content; wheat–cladode 
mixtures produce weak flour (Moreno-Álvarez et 
al., 2009; Gül, 2021).
The effect of Opuntia addition on rheological 
properties of dough can also be analysed by the 
alveographic test (Msaddak et al., 2017; Mironeasa 
and Mironeasa, 2019; Sciacca et al., 2021). Glu-
tenin and gliadin, two  components that make up 
gluten, give the dough toughness and extensibility 
(Sciacca et al., 2021). The alveographic parameter 
P (tenacity) indicates the maximum overpressure 
required to blow a dough bubble (Codină et al., 
2019). This parameter is connected with the gluten 
quantity and quality and also its ability to absorb 
water (Msaddak et al., 2017). According to Ayadi 
et al. (2009) and Sciacca et al. (2021), P parameter 
increases with the increasing addition of cladodes 
powder (10—20 %), which is probably due to poor 
gluten hydration. The L index (dough extensibility) 
indicates the ability of gluten to hold gas (Msaddak 
et al., 2017). Several studies have concluded that 
the L value decreases with partial substitution 
(from 5 % to 20 %) of wheat flour or durum wheat 
semolina with cladode powder (Ayadi et al., 2009; 
Msaddak et al., 2017; Mironeasa and Mironeasa, 
2019; Bouazizi et al., 2020). Thus, the action of the 
cladode powder on both these parameters (P and L) 
leads to the P/L configuration ratio (dough balance 
between tenacity and extensibility) increase with 
the increasing amount of cladode powder (Ayadi 

et al., 2009; Bouazizi et al., 2020).  Similar  results 
were described by Borchani et al. (2011) and Bchir 
et al. (2014) in alveographic parameters of dough 
incorporated with different levels of apple, pear, 
and date flesh fibre concentrate. These findings can 
be attributed to the high water-holding capacity of 
cladode powder (Msaddak et al., 2017). The defor-
mation energy (W), the index of dough strength, 
increased with the increasing addition of cladode 
powder (5—20  %) (Ayadi et al., 2009; Msaddak et 
al., 2017; Bouazizi et al., 2020), probably due to the 
high fibre content in cladodes. The fibre structure 
contains a large number of hydroxyl groups, which 
enable more interactions with water through hy-
drogen bonding (Ayadi et al., 2009; Sciacca et al., 
2021).

Physical parameters of enriched bread
Several studies have shown that incorporation 
of Opuntia to bread significantly affects its  physi-
cal characteristics such as volume, specific volume, 
hardness, and colour (De Wit et al., 2015; Ali et al., 
2020; Gül, 2021; Sciacca et al., 2021; Hussain et al., 
2022a).
The volume of bread is a result of the gas-holding 
capacity of the dough, which is created during 
fermentation (Hussain et al., 2022a). It was deter-
mined that the incorporation of 4—10 % of Opuntia 
seed powder reduces the volume and specific 
volume of bread (Ali et al., 2020). A similar trend 
was also observed when up to 17  % of cladode 
powder were added to wheat bread (De Wit et al., 
2015). This effect is attributed to the interactions 
between insoluble fibre and gluten, which leads to a 
decrease in the gas-holding capacity (Gómez et al., 
2003; Msaddak et al., 2017).
Bread hardness describes the resistance of bread 
to pressure (Budžaki et al., 2014). The replacement 
of wheat flour with cladode powder can cause an 
increase in bread hardness with the increasing con-
centration of the substitute (2—17 %) (Ayadi et al., 
2009; De Wit et al., 2015; Sciacca et al., 2021). The 
fibre in Opuntia powder can interfere with gluten 
network which leads to weaker gluten structure 
and more crumbly and brittle bread texture, which 
contributes to increased bread hardness (De Wit et 
al., 2015; Gül, 2021).
Golden brown crust and creamy white bread 
crumb are the most important appealing fac-
tors to indicate the  quality of a bakery product 
to consumers (Kurek and Wyrwisz, 2015). The 
incorporation of Opuntia cladode powder into the 
bread affects the colour parameters L*, a*, and b* 
of bread, whereas L* represents the lightness of 
bread, a* represents the red-green spectrum, and 
b* represents the  yellow-blue  spectrum (Brühl 
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Tab. 4.	 The impact of Opuntia addition on the sensory characteristics of bread 
(Álvarez et al., 2009; De Wit et al., 2015; Msaddak et al., 2017; Reda and Atsbha; 2019; Ali et al., 
2020; Liguori et al., 2020).

Part of Cactus Opuntia 
spp. 

Substitution 
levels/%

Effect on final product References

Roasted seed
powder (RPPS)

Opuntia

ficus-indica

0/2/4/6/8/10 Sensory properties were not sufficiently 

affected at substitution levels up to 6 %.

Higher substitution levels:

↓ colour scores because of darker colour of 

RPPS powder due to the presence of natural 

pigments (carotenoids, flavonoids, and 

chlorophyll)

↓ texture score due to high amount of dietary 

fibres.

De Wit et al. 

(2019)

Ali et al. 

(2020)

Seed powder Opuntia

ficus-indica

0/5/10/15/20/25 Substitution of Opuntia seeds up to 15 % 

showed no negative effect on sensory 

acceptability.

↑ aroma scores for all samples probably 

caused by the presence of volatile organic 

matter (hexanal and 2-methylpropanal) from 

Opuntia seeds. 

Reda and

Atsbha (2019)

Nounah et al. 

(2020)

Stem powder
(cladodes)

Opuntia 

boldinghii

Britton 

et Rose

0/5/10/15/20 Wheat flour substitution up to the 10 % level 

without negative effect on sensory 

acceptability.

Higher substitution levels:

↓ colour score due to the presence of 

chlorophyl pigments

↓ odour score caused by herbaceous 

flavour of terpenes present in cladode 

powder

↓ texture scores caused by cladode 

polysaccharides interaction with wheat flour 

proteins.

Moreno-

Álvarez et al. 

(2009)

Feng et al. 

(2011)

Abd El-Moaty 

et al. (2020)

Dick et al. 

(2020)

Cladode
mucilage extract

Opuntia

ficus-indica

Formula water 

replaced by 

mucilage

↑ scores in colour of the crust and odour 

intensity in contrast with control wheat 

sample probably due to interactions between 

antioxidant compounds and mucilage 

carbohydrates.

Liguori et al. 

(2020)

Czajkowska-

González et al. 

(2021)

Cladode powder Opuntia

ficus-indica 

and 

Opuntia 

robusta

0/2/4/6/8/10/17 Substitution of up to 8 % showed no negative 

effect on overall acceptability.

Higher substitution levels:

↓ odour score due to the presence of betalain 

pigments, which in high concentration have 

typical earthy flavour.

De Wit et al. 

(2015)

Awolu and 

Oladeji (2021)

Cladodes powder Opuntia

ficus-indica

0/2,5/5/7,5/10 Substitution of wheat flour up to the 5 % level 

without negative effect on sensory 

acceptability.

Higher substitution levels:

↓ colour score as the powder is a rich source 

of chlorophyll

↓ textural hardness score induced by high 

fibre content, which weakens the gluten 

structure.

Msaddak et al. 

(2017)
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and Unbehend, 2021). It has been observed that 
bread fortified with cladodes powder is darker 
than wheat bread. Bread with cladode powder is 
characterised with lower L* values of the crust 
and crumb than wheat bread. Additionally, the a* 
and b* values for both the crust and crumb of the 
enriched bread also decreased as the substitution 
level increased, indicating a shift from the initial 
yellowish colour to a greenish one (Gül, 2021; 
Sciacca et al., 2021). This can be attributed to the 
high concentration of chlorophyll and other pig-
ments present in the cladodes powder (Msaddak et 
al., 2017). According to Gül (2021), these changes 
can also be linked with the presence of different 
dietary fibre fractions of Opuntia ficus-indica, 
which have different effects on the crust colour of 
bread. Darker crust and green colour of crumb is 
caused by nopal insoluble fibre fractions. With the 
addition of soluble fibre, no significant changes 
in either crust or crumb  colour were observed 
(Guevara-Arauza et al., 2015). However, according 
to Liguori et al. (2020), the addition of Opuntia 
ficus-indica mucilage does not cause any changes in 
L* and a* values.

Sensory evaluation
Sensory evaluation is an important part of bread 
quality assessment, which leads to the  develop-
ment of new cereal based products (Elia, 2011). 
The impact of Opuntia addition on the sensory 
characteristics of bread is presented in Tab. 4. 
(Moreno-Álvarez et al., 2009; De Wit et al., 2015; 
Msaddak et al., 2017; Reda and Atsbha; 2019; 
Liguori et al., 2020; Ali et al., 2020). Incorpora-
tion of cladodes powder into bread was reported 
to influence consumer preferences. Thus, higher 
concentration of the  incorporated cladodes 
powder decreased the trend in average scores for 
sensory attributes.
No significant differences were found with the 
incorporation of up to 3  % of cladode powder 
into wheat bread. Several studies concluded that 
bread fortified with 5 % and 10 % Opuntia cladode 
powder is best accepted in sensory evaluation 
(Moreno-Álvarez et al., 2009; Msaddak et al., 
2017; Liguori et al., 2020; Gül, 2021). According 
to studies of Lassoued et al. (2008) and Msaddak et 
al. (2017), it can be assumed that the formulation 
with 5—15 % of cladode powder shows the highest 
values of colour, taste, and aroma in comparison 
with higher additions of cladode powder, whereas 
the formulation with 5  % cladode powder was 
most accepted in terms of texture. Higher addi-
tion levels (above 20 %) were unacceptable because 
of textural hardness of the final bread (Lassoued 
et al., 2008; Msaddak et al., 2017; Gül, 2021). The 

observed changes in bread texture can be caused 
by either dilution of gluten proteins or  interac-
tions between polysaccharides from the cladodes 
and wheat flour proteins. The presence of fibrous 
materials in the cladode flour may also have con-
tributed to this change in texture properties by 
affecting the mixing properties of gluten (Ayadi et 
al. 2009; De Wit, 2015).

Pasta
Current strategy of the food industry is to incorpo-
rate fibre into conventional food formulations to 
improve their functional properties (Micale et al., 
2017). Pasta is a globally consumed food and many 
studies are focused on innovation of wheat pasta 
using different sources of dietary fibre (Krishnan 
et al., 2012; Padalino et al., 2017; Madenci et al., 
2018; Makhlouf et al., 2019; Oniszczuk et al., 
2020).
In order to develop new functional pasta, several 
studies have focused on incorporation of Opuntia 
ficus-indica powder into wheat pasta (Micale et al., 
2017, 2018; Attanzio et al., 2019; Oniszczuk et al., 
2020; Palmieri et al., 2021). Cladodes and fruits 
are two parts of Opuntia ficus-indica used to enrich 
pasta (Micale et al., 2017, 2018; Attanzio et al., 2019; 
Oniszczuk et al., 2020; Palmieri et al., 2021). The 
addition of Opuntia powder to pasta can increase 
not only the fibre content but also the phenol level 
in the final products (Micale et al., 2017).
One of the most important factors in pasta quality 
assessment is optimal cooking time (time needed 
for the central core of a pasta strand to disappear 
after pasta is immersed in cooking water) (De Pilli 
et al., 2013; De la Peña et al., 2014; Attanzio et al., 
2019). Previous studies concluded that the substi-
tution of durum wheat flour with cladode powder 
at various levels (3—30  %) does not significantly 
affect the cooking time of pasta compared to wheat 
pasta (Biernacka et al., 2018; Attanzio et al., 2019; 
Vimercati et al., 2020). On the other hand, the 
swelling ability of pasta (indicator of water absorp-
tion during cooking) with a 10  % addition of 
cladode powder (1.73  g water/g dry pasta) has 
shown statistically significant differences com-
pared to durum wheat pasta (2.11  g water/g dry 
pasta), which can be due to the ability of Opuntia 
cladode mucilage to encapsulate starch, slowing 
down its rate of swelling and increasing pasta 
firmness (Gutiérrez et al., 2018; Attanzio et al., 
2019; Tashim et al., 2022).
Considering content and quality, protein evalu-
ation is a fundamental cooking loss parameter 
(amount of solid substance that dissolves in water 
during cooking) and an indicator of pasta struc-
tural integrity during cooking (De la Peña et al., 
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2014; Desai et al., 2018). Enrichment of pasta with 
10  % and 20  % of cladode powder did not  sig-
nificantly change the cooking loss parameter in 
comparison with wheat pasta, which indicates that 
starch-protein matrix integrity is preserved during 
cooking. On the contrary, fortification of pasta 
with up to 30 % of Opuntia cladode powder showed 
a 15  % increase of the cooking loss (Attanzio et 
al., 2019), probably caused by disruption of the 
protein-starch matrix and unequal distribution of 
water in the pasta matrix due to competitive hydra-
tion of the fibre preventing starch swelling due to 
limited water availability (Tudorica et al., 2002; 
Foschia et al., 2017; Attanzio et al., 2019). Thus, 
more solid substances leak into cooking water 
(Simonato et al., 2019).
It was stated that pasta incorporated with up to 
30 % of cladode powder showed good sensory ac-
ceptance. Higher addition of the powder in pasta 
resulted in slightly bitter aftertaste of the product 
(Micale et al., 2017, 2018; Attanzio et al., 2019; Park 
et al., 2021). Furthermore, Sepúlveda et al. (2013) 
and Dick et al. (2020)  reported that the taste and 
aroma of cereal-based foods prepared with cladode 
powder can be negatively affected by such addition 
due to its herbaceous flavour. Sensory characteris-
tics are mostly affected by powders derived from 
the cladodes with epidermis (peel), where the most 
chlorophyll is found.
Moreover, it was documented that an addition of 
Opuntia cladodes powder affects the colour of pasta 
products, as increased addition level of cladode 
powder leads to greener colour (Micale et al., 2017; 
Attanzio et al., 2019). Several authors deduced that 
this is caused by the presence of green pigments, 
particularly chlorophyll, in cladodes (El Mannoubi 
et al., 2009; Ramírez-Moreno et al., 2013; Biernacka 
et al., 2018; Attanzio et al., 2019).
Aiello et al. (2018) and Attanzio et al. (2019) indi-
cated that pasta incorporated with Opuntia cladode 
powder at the 30 % level can participate in lower-
ing blood cholesterol levels because it significantly 
reduces the bioavailability of sterols. These results 
were also confirmed by in vitro tests of Chong et al. 
(2014). In  addition, pasta enriched with cladode 
powder can also be considered as beneficial for the 
prevention of age-related metabolic disorders, and 
hyperglycaemia, as well as for weight loss (Attanzio 
et al., 2019; Giglio et al., 2020; Sissons, 2022). Re-
duction of weight is probably linked with beneficial 
effect of soluble fibre (mainly pectin) on the reduc-
tion of appetite (Aiello et al., 2018; Attanzio et al., 
2019).

Conclusion

Available literary research points out the impor-
tance of Opuntia and Opuntia derived products in 
human diet and nutrition as this plant is a rich 
source of bioactive substances such as dietary fibre, 
polysaccharides, vitamins, antioxidants (phenolic 
compounds), and minerals. This study presents 
nutritional composition and health benefits of the 
Opuntia plant and shows the possibility of its appli-
cation as a potential ingredient for the production 
of selected cereal-based products like bread and 
pasta. Other important areas discussed include the 
effects of Opuntia on the rheological properties of 
dough, physical parameters of bread and pasta, 
and the sensory characteristics of these products. 
Given the increasing interest of consumers for 
value-added foods, incorporating cactus plants 
and cactus derived products into cereal-based food 
formulations is indeed a noteworthy innovation.
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Abstract: This article is focused on the preparation of colour masterbatches from renewable sources based 
on polylactic acid, which were modified with inorganic pigments. Titanium dioxide, carbon black, and iron 
oxides were used as inorganic pigments. Due to the composition of the prepared colour PLA masterbatches, 
the influence of the inorganic pigment on the rheological and thermal properties was monitored. Rheological 
properties were determined using a capillary viscosimeter and a rotary rheoviscosimeter with a geometry 
plate/plate. The colour PLA masterbatches prepared in this way were subsequently used to dye polylactic acid 
fibres in the mass. The prepared fibres were drawn to the maximum drawn ratio lmax. In case of fibres, the 
influence of composition and drawn ratio on thermal and mechanical properties was monitored.

Keywords:	 biodegradable polymers, inorganic pigment, mechanical properties, polylactic acid, rheological 
properties, thermal properties

Introduction

Polymeric materials obtained from petroleum 
sources are an integral part of life. They are mainly 
used in the food industry, agriculture, construc-
tion, medicine or in the automotive industry. The 
problem is that these materials are not biodegrad-
able, they accumulate in landfills and pollute the 
environment. A good alternative are biodegradable 
polymers, which can decompose in nature and thus 
do not pollute the environment. Polylactic acid 
belongs to the best-known biodegradable polymers 
(Vroman and Tighzert, 2009).
Polylactic acid (PLA) is a linear aliphatic polyester 
derived from lactic acid which exists in two enantio-
meric forms: D- and L-. Therefore, it is possible to 
produce polylactic acid from pure isomers of L- and 
D-lactic acid, when homopolymers of poly-L-lactic 
acid and poly-D-lactic acid are formed, or from a 
racemic mixture of L- and D-monomers, when a 
copolymer of poly- D, L-lactic acid is formed. PLA 
can be synthesised from lactic acid monomers by 
polycondensation, azeotropic dehydration con-
densation, ring-opening polymerisation reactions 
and enzymatic polymerisation. Ring-opening poly-
merisation reactions are the most widely used in in-
dustry due to the undemanding reaction conditions 
and the resulting polymers with high molecular 
weights. Polylactic acid can also be obtained by frag-
mentation from natural sources such as sugar beet, 
wheat, or corn (Casalini et al., 2019). Polylactic acid 
is characterised by high tenacity at break and high 
Young’s modulus. However, it  is  a brittle material 

with low impact strength, low elongation at break, 
low thermal stability and poor barrier properties 
(Farah et al., 2016). PLA is a thermoplastic behav-
ing as a solid substance at normal temperatures 
but changing at elevated temperatures into highly 
viscous liquids, which can be shaped and re-cooled 
to fix their shape. Thus, PLA can be processed by 
standard technologies such as extrusion, spinning, 
mixing, pressing, or injection molding, to produce 
fibres, foils, boards, cables, or 3D materials (Rasal 
et al., 2010).
Fibres made from polylactic acid belong to the most 
innovative textile materials and are increasingly in 
demand. PLA fibres are produced from renewable 
resources. Compared to fibres made from commer-
cial polymers, PLA fibres are characterised by prop-
erties such as biodegradability, ease of processing, 
ease of composting and recycling, breathability, 
dyeability and stability against UV radiation (Yang 
et al., 2021). PLA fibres can be prepared by melt 
spinning, wet spinning, or electrospinning. One of 
the most used methods of PLA fibres preparation is 
melt spinning due to its simplicity and environmen-
tal friendliness (Gupta et al., 2007). Melt spinning is 
a process where solid polymer phase is formed from 
a polymer melt in the form of a fibre with primary 
structure. In  the  spinning process, the melt from 
the extruder is dosed and forced through holes of 
the spinning nozzle with a circular cross-section 
at a defined temperature and viscosity creating 
fine fibrils. The resulting fibrils solidify due to air 
cooling behind the nozzle. By pulling and winding 
these fibrils, endless fibres are prepared. However, 
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endless fibres do not have the required mechanical 
and physical properties necessary for further pro-
cessing. Therefore, these fibres have to be drawn, 
which refers to axial deformation of a fibre in solid 
state under dynamic conditions. During drawing, 
macromolecules of the polymer chain are oriented 
in the direction of the applied deformation force. 
Orientation changes the physical and mechanical 
properties as well as the optical properties of the 
fibre. In addition to the change in properties, there 
is also a change in the geometry of the fibres, the 
length of the fibres increases and their diameter 
decreases. By drawing the fibres, tenacity at break 
and Young’s modulus increase, while elongation 
at break decreases (Marcinčin, 1989; Rawal et al., 
2014).
An important process of final treatment of polymer 
materials as well as fibres is their dyeing. Dyeing is 
a finishing process resulting in polymer materials 
of the required colour and thereby improved con-
sumer properties. The colouring must be resistant 
to various influences of mechanical, chemical, or 
physical nature, to  which the material is exposed 
during further technological processing or practi-
cal use, such as fastness to light, sweat, washing, 
water, abrasion, etc. PLA fibres can most often be 
dyed in two ways: by exhaust dyeing process from 
bath or in the mass. Exhaust dyeing process from 
bath consists of two phases, where the first phase 
consists of the fibre and the second of the dye bath. 
During the exhaust dyeing process from bath, dif-
fusion, adsorption, and fixation of the dye from 
the dye bath onto the fibre occurs. However, from 
an ecological point of view, this method of dyeing 
is unacceptable because the discharge of waste 
substances from the dyeing process into rivers and 
streams causes pollution of water resources. In 
contrast to the exhaust dyeing process from bath, 
dyeing in the mass is a better option because the 
dye is incorporated into the polymer melt during 
fibre production, not polluting water sources and 
with better dyeability of the fibre. When dyeing in 
the mass, dyes are used in the form of powders, 
pastes or in granulated form, so-called colour 
masterbatches (Balakrishnan, 2020; Grishanov, 
2011; Prchal, 1993; Trotman, 1970), which is the 
most widespread method of dyeing fibres in the 
mass. Advantages of this dyeing method include 
dust-free environment, good dosage, trouble-free 
increase in pigment content, and optimal use of col-
our strength. Colour masterbatches are processed 
to impart colour, texture, and various other proper-
ties to the polymer materials to which they are ap-
plied. Colour masterbatches are composed of three 
basic components: the carrier, the dispersing agent, 
and the pigment. In addition to these components, 

other additives can be included, such as various 
antistatic agents, antibacterial agents, nucleating 
agents, stabilizers, wetting agents, and others. The 
carrier is a polymer compatible with the dispersant 
and the pigment (Parra-Campos et al., 2020; Benet
ti et al., 2014). Dispersing agents are substances 
necessary for the dispersion and homogenisation of 
pigments in the preparation of colour concentrates. 
Without these substances, pigments in the polymer 
mass form unwetted agglomerates, which render 
the workability of colour concentrates unsatisfac-
tory (Hricová et al., 2004). In  general, pigments 
are fine coloured powders, the resulting colour of 
which is determined by the spectrum of  reflected 
wavelengths of light. Pigments are insoluble in the 
polymer matrix, and are dispersed as fine particles 
(Koenig et al., 2020; Markarian, 2009). Pigments 
are inorganic and organic; inorganic pigments have 
high thermal stability and good light stability com-
pared to organic pigments (Tolinski, 2009). Since 
coloured fibres were prepared from polylactic acid, 
which is a biodegradable polymer, it is necessary to 
use also biodegradable colour masterbatches (Chen, 
2018). Therefore, in the production of colour mas-
terbatches, polylactic acid was used as a carrier in 
combination with inorganic pigments, specifically 
titanium dioxide, carbon black, and iron oxides, 
which are biodegradable and can be obtained from 
renewable sources. In the preparation of colour 
masterbatches, mixing and homogenisation play 
an important role in achieving the best possible 
dispersion. Mixing is represented by two basic pro-
cesses — distributive and dispersive mixing. During 
distributive mixing, homogeneous distribution of 
the pigment is achieved inside the polymer matrix. 
The process of distributive mixing depends on 
the magnitude of the shear deformations and the 
intensity of mass transport in the mixing device. 
During dispersion mixing, agglomerates break 
down into primary particles. Considering disper-
sive mixing, the size of the shear deformation is not 
important, the determining factor is the size of the 
shear stress, which ensures the disintegration of ag-
glomerates into primary particles. In order for the 
agglomerates to break down into primary particles, 
cohesive forces between the agglomerate particles 
must weaken (Balakrishnan et al., 2022; Benetti et 
al., 2014; Niaounakis, 2015).
Rheological properties of polymers and colour 
PLA masterbatches are important from the point of 
view of their processing. Most polymer processing 
technologies are based on their processing in the 
melt, when the polymer flows (Alexy, 2016). Fur-
ther processing of the prepared PLA masterbatches 
used for PLA fibres dyeing in the mass, requires 
the knowledge of rheological and thermal proper-
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ties of the prepared colour PLA masterbatches. 
Properties of the prepared PLA masterbatches 
subsequently affect the processability of PLA dur-
ing fibre preparation. PLA fibres are an oriented 
system unlike colour PLA masterbatches, which are 
a non-oriented system. Therefore, with PLA fibres, 
in addition to the influence of the composition, also 
the influence of the drawn ratio on thermal and 
mechanical properties was monitored.

Materials and Methods

Materials used

Polymer
Polylactic acid INGEO I6100D (PLA6100) is a 
thermoplastic fibre-grade resin (in pellet form) 
derived primarily from annually renewable re
sources, MFI  =  24g/10  min at 210  °C, glass tem-
perature Tg  =  55—60  °C, melting temperature 
Tm = 165—180 °C (produced by NatureWorks LLC).

Inorganic pigments
1.	 titanium dioxide Pretiox AV01SF (Ti) is ultra-

fine milled anatase TiO2 without surface treat-
ment, primary particle size (TEM) of 21  nm, 
Tm = 1850 °C (produced by Precheza a.s.);

2.	carbon black Printex Alpha (PXA) is a fine black 
powder with high specific area, average primary 
particle size of 20 nm, Tm > 3000 °C (produced by 
Orion Engineered Carbons GmbH);

3.	 iron oxide Fepren TP 303 (Fe) is a fine dry-milled 
pigment with very high tinting-strength, particle 
size <50 nm (BET), Tm  = 1565  °C (produced by 
Precheza a.s.).

Silicone oil V350  was used as dispersing agent 
(produced by Azelis Slovakia, s.r.o.).

Colour masterbatches preparation
A laboratory line with twin-screw extruder WP 
ZDSK (screw diameter of 28 mm), in vacuum zone 
and in the temperature range of 180—210 °C, was 
used for the preparation of PLA colour master-

batches. Final concentration of inorganic pigments 
in the prepared masterbatches was 1 and 3 wt %.

Fibres preparation
Before spinning, pure PLA granulate and pigmented 
PLA masterbatches were dried in a laboratory oven 
for 3 hours at 60 °C. Pure PLA fibres and pigmented 
PLA fibres with the final concentration of pigments 
of 0.1 and 0.5 wt % were prepared using a laboratory 
spinning plant at 190  °C with the take-up speed of 
150 m·min–1.
After spinning, the prepared PLA fibres and pig-
mented PLA fibres were drawn using a laboratory 
drawing machine at the maximal drawn ratio lmax 
at drawing temperatures Tdr = 95 °C and Tdr = 105 °C. 
Composition of fibres and obtained drawn ratios 
are presented in Table 1.

Methods used

Rheological properties
Rotary rheoviscosimeter Physica MCR 101  (Anton 
Paar) was used to measure rheological behaviour of 
pure PLA and pigmented PLA masterbatches. Paral-
lel plate geometry was used applying the diameter 
of 25 mm and the gap set to 1 mm. All rheological 
measurements were performed in air atmosphere at 
190 °C and at 1 % strain from 0.1 to 100 rad·s–1.
Moreover, rheological properties of PLA and pig-
mented PLA masterbatches were measured using a 
capillary viscosimeter GÖTTFERT RG20 at 190 °C. 
The conditions of measurement: capillary with the 
circular diameter with L/D  =  30/1  and a piston 
with the diameter of 15 mm was used in the range 
of shear speeds from 90 to 4500 s–1 with preheating 
for 5 minutes.

Thermal properties
Thermal properties were measured by DSC 
1/750  with ceramic sensor FRS5  using software 
SW STARe by Metler Toledo. Conditions used in 
the measurement were: 1st heating: 20—190 °C, iso-
thermally held for 3 minutes, cooling: 190—20 °C, 

Tab. 1.	 Composition of PLA fibres with 0.1 and 0.5 wt % pigments with drawing temperatures Tdr, maximal 
drawn ratios lmax and fineness of fibres Tt.

Composition of fibres Tdr [°C] lmax Tt [tex]

PLA6100 105 3.5 23.2

PLA6100+0.1 %Ti

105

3.6 20.1

PLA6100+0.1 %PXA 3.3 18.9

PLA6100+0.1 %Fe 3.4 18.1

PLA6100+0.5 %Ti

  95

2.5 41.5

PLA6100+0.5 %PXA 2.5 49.8

PLA6100+0.5 %Fe 2.5 42.5

Hudecová A et al., Colour masterbatches and their use in polylactic acid fibres dyeing.
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isothermally held for 3  minutes, 2nd heating: 
20—190  °C. The rate of heating or  cooling was 
10 °C/min. The measurements were done in inert 
nitrogen atmosphere. From the measured ther-
mograms, glass temperature (Tg), cold crystallisa-
tion temperature (Tcc), melting temperature (Tm), 
enthalpy of  relaxation (∆Her), enthalpy of melting 
(∆Hm) and enthalpy of cold crystallisation (∆Hcc) 
obtained during the 1st heating and the crystallisa-
tion temperature (Tc) and enthalpy of crystallisa-
tion (∆Hc) obtained during cooling were evaluated. 
During the 2nd heating, glass temperature (Tg), cold 
crystallisation temperature (Tcc), melting tempera-
ture (Tm), enthalpy of relaxation (∆Her), enthalpy of 
melting (∆Hm), and enthalpy of cold crystallisation 
(∆Hcc) were evaluated.

Mechanical properties
Mechanical properties (tenacity and elongation 
at break as well as Young’s modulus) of PLA and 

pigmented PLA fibres were evaluated by Instron 
3343 equipment and the mechanical characteristics 
were determined from 15 measurements according 
to ISO 2062:1993. The initial length of fibres was 
125  mm and  the  time of  deformation was about 
20 sec.

Results and discussion

Rheological properties of colour masterbatches
Rheological properties of polymer materials and 
colour masterbatches are important for their pro-
cessing. The influence of type (Ti, PXA, Fe) and 
concentration (1 and 3 wt %) of inorganic pigments 
on the rheological properties of colour master-
batches was monitored. Rheological properties 
were determined using a capillary viscosimeter and 
a rotary rheoviscosimeter with a geometry plate/
plate. Dependences of viscosity on shear rate were 
constructed from the measured values and are 

c)

Fig. 1. Dependence of viscosity h on shear rate g˙ obtained on the capillary viscosimeter for colour PLA 
masterbatches with 1 and 3 wt % of inorganic pigments: Ti (a), PXA (b), Fe (c).

	 a)	 b)
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shown in Figures 1 and 2 for the capillary viscosi
meter (Figure 1) and for the rotary rheoviscosimeter 
with a geometry plate/plate (Figure 2) for colour 
masterbatches modified with 1 and 3 wt % of inor-
ganic pigments, which show viscosity decrease with 
the increasing shear rate. Viscosity is defined as the 
ratio of shear stress to shear rate, implying that the 
higher the shear rate applied to the material, the 
faster the material flow and thus lower viscosity. As 
it can be seen, viscosity is not constant as in the case 
of Newtonian substances but varies with the shear 
rate. This is typical for pseudoplastic materials 
with non-Newtonian behaviour. Based on this, the 
prepared colour masterbatches modified with inor-
ganic pigments can be considered as pseudoplastic 
substances.
Figure 1  shows the dependences of viscosity on 
the shear rate of the prepared colour PLA master-
batches modified with 1  and 3  wt  % of inorganic 
pigments (Ti, PXA, Fe) measured on the capillary 

viscosimeter. Colour PLA masterbatches are pseu-
doplastic substances with non-Newtonian behaviour 
and therefore, the Rabinowitsch correction was 
used when measuring rheological properties, which 
takes into account the Newtonian nature of the flow 
on the capillary wall. In  Figure  1a, a decrease in 
viscosity due to the addition of inorganic pigment 
Ti was observed comparing pure PLA6100  with 
PLA6100 masterbatches with 1 and 3 wt % of Ti. A 
comparison of PLA6100 masterbatch with 1 wt % of 
inorganic pigment Ti and with 3 wt % of Ti shows 
that the higher the content of inorganic pigments 
(3 wt %), the greater the drop in viscosity. In Fig-
ures 1b and 1c, small changes in the dependences 
of viscosity on shear rate when comparing pure 
PLA6100 with PLA6100 masterbatches with 1 and 
3 wt % of inorganic pigments PXA and Fe can be 
seen.
Figure 2  shows the dependences of viscosity on 
the shear rate of the prepared colour PLA master-

c)

Fig. 2. Dependence of viscosity h on shear rate g˙ obtained on the plate/plate rotary rheoviscosimeter 
for colour PLA masterbatches with 1 and 3 wt % of inorganic pigments: Ti (a), PXA (b), Fe (c).

	 a)	 b)
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batches with 1  and 3  wt  % of inorganic pigments 
(Ti, PXA, Fe) measured on the rotary rheoviscosi
meter with a geometry plate/plate. A comparison 
of PLA6100 masterbatches with 1 wt % of Ti (Fig-
ure 2a), PXA (Figure 2b), and Fe (Figure 2c) with 
those with 3 wt % of Ti (Figure 2a), PXA (Figure 
2b) and Fe (Figure 2c), revealed an increase in the 
viscosity due to the addition of a higher content of 
inorganic pigments (3  wt  %). In Figure 2a, a de-
crease in viscosity, which is more visible at low shear 
rates, is observed comparing pure PLA6100  with 
PLA6100  masterbatches with 1  and 3  wt  % of Ti. 
Figure 2b shows an increase in viscosity due to the 
addition of PXA comparing pure PLA6100  with 
PLA6100  masterbatch with 3  wt  % of PXA. The 
observed increase in viscosity caused by adding 
PXA compared to other pigments (Ti, Fe) can  be 
evaluated considering different chemical structure, 
chemical properties, size  of pigment particles, 
shape of pigment particles, and intermolecular 
interactions between pigment particles. It can be 
assumed that, as the content of inorganic PXA pig-
ment increases, the dispersibility of PXA particles 
in the polymer matrix deteriorates and they remain 
aggregated which results in an increase in viscosity. 
By adding 1 or 3 wt % of Fe to pure PLA6100, mini-
mal differences in the dependences of viscosity on 
the shear rate were observed.

Thermal properties of colour PLA masterbatches 
and PLA fibres
Thermal properties of prepared colour PLA mas-
terbatches and PLA fibres were determined by DSC 
analysis by monitoring endothermic and exother-
mic processes. From the measured thermograms, 
basic thermal parameters such as glass temperature 
(Tg), cold crystallisation temperature (Tcc), melting 
temperature (Tm), crystallisation temperature (Tc), 
enthalpy of relaxation (∆Her), enthalpy of melting 

(∆Hm), enthalpy of crystallisation (∆Hc), and en-
thalpy of cold crystallisation (∆Hcc) of the prepared 
colour PLA masterbatches and PLA fibres obtained 
during the 1st (Tables 2 and 4) and 2nd (Tables 3 and 
5) heating were evaluated. During the 1st heating, 
thermal history of colour PLA masterbatches and 
PLA fibres, related to their preparation and stor-
age, was cancelled. The following cooling allowed 
the formation of a new structure. The second 
heating is important for the characterisation of the 
examined colour PLA masterbatches and PLA fi-
bres. During the 2nd heating, thermal properties of 
the colour PLA masterbatches and PLA fibres were 
monitored. To determine the properties of colour 
PLA masterbatches and PLA fibres, results from 
the 1st heating were compared. To determine the 
influence of the addition of 1 and 3 wt % pigment 
content in PLA masterbatches and 0.1 and 0.5 wt % 
pigment content in PLA fibres, results from the 2nd 

heating were compared.
When evaluating thermal properties of colour PLA 
masterbatches (Tables 2  and 3), PLA6100  master-
batches with 1  or 3  wt  % of inorganic pigments 
showed lower glass temperature Tg than pure PLA 
during the 1st heating. The decrease in Tg of PLA 
colour masterbatches is due to the addition of  in-
organic pigments that act as nucleating agents, 
promote crystallisation, and increase the crystal-
linity thus decreasing Tg. The increased content 
of inorganic pigments (3 wt %) does not affect the 
glass temperature. During the 1st heating, PLA mas-
terbatches showed higher value of the enthalpy of 
relaxation than pure PLA, which can be explained 
by weak interactions formed between the polymer 
carrier (PLA) and inorganic pigments during the 
preparation of colour masterbatches. Increased 
enthalpy of relaxation and decreases Tg. During the 
1st heating, cold crystallisation was measured for all 
PLA masterbatches with 1 and 3 wt % of inorganic 

Tab. 2.	 Glass temperature (Tg), cold crystallisation temperature (Tcc), melting temperature (Tm), enthalpy 
of relaxation (∆Her), enthalpy of cold crystallisation (∆Hcc), and enthalpy of melting (∆Hm) of pre-
pared colour masterbatches obtained during the 1st heating, and crystallisation temperature (Tc) 
and enthalpy of crystallisation (∆Hc) of prepared colour masterbatches obtained during cooling

Composition 
of masterbatches

1st heating Cooling

Tg 

[°C]
DHer 

[J/g]

Tcc1 

[°C]
DHcc1 

[J/g]

Tcc2 

[°C]
DHcc2 

[J/g]

Tm 

[°C]
DHm 

[J/g]

Tc 

[°C]
DHc 

[J/g]

PLA6100 68.4 0.6 – – 163.1 1.7 176.7 37.6 103.8   0.5

PLA6100+1 %Ti 63.5 4.7   94.8 24.4 161.2 3.5 176.5 17.4 103.4 20.1

PLA6100+3 %Ti 64.4 4.9   94.8 22.6 161.1 3.1 176.4 19.0   93.6   9.6

PLA6100+1 %PXA 65.8 6.1   98.2 24.1 161.6 3.2 176.8 18.6   88.4   3.3

PLA6100+3 %PXA 65.8 5.7 101.9 26.5 162.5 2.8 177.4 14.4 100.4   1.3

PLA6100+1 %Fe 64.1 5.2   95.4 24.6 160.9 3.5 176.9 16.4   91.1   8.5

PLA6100+3 %Fe 63.0 3.5   95.9 23.0 161.2 3.2 177.3 17.0   92.4   5.1
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pigments. The presence of pigments contributes 
significantly to cold crystallisation because no cold 
crystallisation was observed in pure PLA6100. 
Endothermic peak with a maximum at 176.7  °C, 
corresponding to the melting temperature, was 
detected during the 1st heating (Table 2). Com-
paring the melting temperature obtained during 
the 1st heating of pure PLA6100  with those of 
PLA6100 masterbatches with 1 and 3 wt % of inor-
ganic pigments (Ti, PXA, Fe), minimal differences 
in melting temperatures were detected. During the 
1st heating, a decrease in the enthalpy of melting of 
PLA masterbatches due to an addition of inorganic 
pigments was observed. Exothermic peak with a 
maximum at 103.8 °C, corresponding to the crystal-
lisation temperature, was detected during the cool-
ing of pure PLA (Table 2). Crystallisation of colour 
PLA masterbatch occurred at  significantly lower 
temperatures. A comparison of pure PLA6100 with 
PLA6100 masterbatches with 1 and 3 wt % of inor-
ganic pigments showed an increase in the enthalpy 
of crystallisation during cooling caused by the addi-
tion of inorganic pigments.

During 2nd heating, glass temperature Tg of pure 
PLA and PLA masterbatches was maintained and an 
increase in the enthalpy of melting of PLA master-
batches due to the addition of inorganic pigments 
was observed. This difference can be explained by 
a change in the formation of different crystalline 
modifications of PLA. During the 2nd heating, pure 
PLA6100  showed cold crystallisation with a maxi-
mum exothermic peak at 128.1  °C (Table 3), while 
for colour PLA masterbatches, cold crystallisation 
occurs at lower temperatures (94—104 °C) and shows 
another peak of cold crystallisation at 159—161 °C, 
where pure PLA does not crystallize.
Comparing melting temperature Tm of the 1st heat-
ing with that of the  2nd  heating, a slight decrease 
in the melting temperature during the 2nd heating 
for both pure PLA6100  and for PLA6100  master-
batches can be seen.
The addition of pigments showed no effect on Tg 
and the differences in Tg are minimal (Tables 4 and 
5). Crystallisation temperature of pure PLA fibres 
and of PLA fibres with 0.1  and 0.5  wt  % of  inor-
ganic pigments revealed minimal differences.

Tab. 3.	 Glass temperature (Tg), cold crystallisation temperature (Tcc), melting temperature (Tm), enthalpy 
of relaxation (∆Her), enthalpy of cold crystallisation (∆Hcc), and enthalpy of melting (∆Hm) of pre-
pared colour masterbatches obtained during the 2nd heating.

Composition 
of masterbatches

2nd heating

Tg 

[°C]
DHer 

[J/g]

Tcc1 

[°C]
DHcc1 

[J/g]

Tcc2 

[°C]
DHcc2 

[J/g]

Tm 

[°C]
DHm 

[J/g]

PLA6100 62.1 1.5 128.1 15.0 173.9   6.5

PLA6100+1 %Ti 62.1 0.5   94.0   7.9 159.7 2.1 174.5 34.7

PLA6100+3 %Ti 61.9 0.8   94.2 11.8 159.3 3.4 173.8 29.5

PLA6100+1 %PXA 62.1 1.3   94.7 21.5 158.9 3.7 174.1 21.7

PLA6100+3 %PXA 62.2 1.4 103.5 26.3 161.3 3.3 174.3 14.7

PLA6100+1 %Fe 62.0 0.9   93.9 16.8 159.2 3.2 174.2 27.7

PLA6100+3 %Fe 61.9 1.3   94.5 18.5 159.4 3.7 174.0 22.3

Tab. 4.	 Glass temperature (Tg), crystallisation temperature (Tc), enthalpy of crystallisation (∆Hc) melting 
temperature (Tm), and enthalpy of melting (∆Hm) of prepared colour masterbatches obtained dur-
ing the  1st  heating, and crystallisation temperature (Tc) and enthalpy of crystallisation (∆Hc) of 
prepared colour masterbatches obtained during cooling.

Composition 
of fibres

1st heating Cooling

Tg 

[°C]
Tc 

[°C]
DHc 

[J/g]

Tm 

[°C]
DHm 

[J/g]

Tc 

[°C]
DHc 

[J/g]

PLA6100 56.3 74.7   2.3 174.4 41.9 98.9 27.8

PLA6100+0.1 %Ti 55.8 74.6   2.8 173.7 47.5 98.5 30.5

PLA6100+0.5 %Ti 58.9 75.7 16.6 172.4 32.5 99.6 33.4

PLA6100+0.1 %PXA 57.3 77.1   2.4 174.5 46.7 96.6 32.5

PLA6100+0.5 %PXA 59.1 76.2 15.8 173.4 32.0 95.4 31.4

PLA6100+0.1 %Fe 56.8 74.1   2.2 173.4 48.9 98.2 31.1

PLA6100+0.5 %Fe 58.9 76.0 10.6 172.2 37.2 95.7 30.3
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During the 1st heating, PLA fibres with 0.1  wt  % 
pigment content showed the enthalpy of crystallisa-
tion decrease with an increase in the drawn ratio 
due to the change in  the  crystalline modification 
and orientation of PLA. Cold crystallisation was 
measured for all PLA fibres with 0.1 and 0.5 wt % 
of all three inorganic pigments. Endothermic peak 
with maximum at 174.4  °C, corresponding to the 
melting temperature, was detected during the 1st 
heating. The addition of a higher pigment content 
(0.5  wt  %) resulted in a decrease in the enthalpy 
of melting. PLA fibres with  the 0.1 wt % pigment 
content were drawn at a higher temperature with 
higher values of maximum drawn ratios. Consid-
ering an oriented system, the enthalpy of melting 
increases with the increasing temperature, which 
is probably due to  higher orientation leading to 
higher crystallisation ability. In regard to pigment 
addition, 0.1 wt % of pigment behaves as a nucleat-
ing agent that promotes the crystallisation process 
and increases the crystallinity.
Exothermic peak with a maximum at 98.9 °C, cor-
responding to the crystallisation temperature, was 
detected during the cooling (Table 4). Comparison 
of pure PLA fibres with pigmented PLA fibres, an 
increase in the enthalpy of crystallisation during 
cooling due to inorganic pigments addition was 
observed.
During the 2nd heating (Table 5), changes in the 
glass temperature of pure PLA fibres and those 
with 0.1  and 0.5  wt  % pigment content were not 
observed. Since PLA is a semi-crystalline polymer, 
crystallisation during the 2nd heating results in a de-
crease in the content of the amorphous phase and 
an increase in the content of the crystalline phase, 
thereby eliminating the manifestation of Tg which 
is related to the amorphous phase.
Comparing the melting temperature obtained dur-
ing the 1st and 2nd heating of pure PLA fibres and 

of PLA fibres with 0.1  and 0.5  wt  % of inorganic 
pigments, minimal differences in the melting tem-
perature were observed. The enthalpy of melting 
obtained during the 1st and 2nd heating of pure PLA 
fibres and of PLA fibres with 0.1 and 0.5 wt % of in-
organic pigments decreased during the 2nd heating.

Mechanical properties of PLA fibres
The effect of the addition of 0.1 and 0.5 wt % of 
inorganic pigments (Ti, PXA, Fe) on mechanical 
properties such as tenacity at break s, elongation 
at break e, and Young’s modulus E for PLA fibres 
drawn to maximum drawn ratio lmax was monitored 
and the dependencies of tenacity at break, elonga-
tion at break, and Young’s modulus on fibres com-
position were constructed(Figures 3a—c). Fineness 
of individual PLA fibres and pigmented PLA fibres 
was measured and the dependence of fineness of 
fibres Tt on their composition was constructed 
(Figure 3d).
The maximum drawn ratio of PLA fibres was signif-
icantly affected by the concentration of pigments; 
0.1 wt % of pigments had minimal or positive effect 
on  the values of lmax at the drawing temperature 
of 105 °C. The higher pigment content (0.5 wt %) 
caused worsening of the drawing process and PLA 
fibres with 0.5 wt % of pigment content could not 
be drawn at  the drawing temperature of 105  °C; 
instead, drawing temperature of 95 °C was used. At 
the drawing temperature of  95  °C, the maximum 
drawn ratio for all pigmented PLA fibres dropped 
to lmax = 2.5 (see Table 1).
The tenacity at break of fibres is defined as the 
force required to break the fibre relative to the fine-
ness of the fibres. From the dependencies in Figure 
3a, an increase in the tenacity at break of fibres 
due to the addition of 0.1 wt % of pigment content 
to pure PLA fibres can be seen. This is probably 
caused by the pigment acting as a nucleating agent 

Tab. 5.	 Cold crystallisation temperature (Tcc), melting temperature (Tm), enthalpy of cold crystallisation 
(∆Hcc) and enthalpy of melting (∆Hm) of prepared colour masterbatches obtained during the 2nd 
heating.

Composition 
of fibres

2nd heating

Tcc1 

[°C]
DHcc1 

[J/g]

Tcc2 

[°C]
DHcc2 

[J/g]

Tm 

[°C]
DHm 

[J/g]

PLA6100 119.5 1.6 157.9 1.5 173.7 34.7

PLA6100+0.1 %Ti 106.9 3.9 156.9 2.1 172.9 38.5

PLA6100+0.5 %Ti 111.2 5.1 157.3 0.1 173.1 36.5

PLA6100+0.1 %PXA 118.9 5.6 158.3 1.7 173.1 35.7

PLA6100+0.5 %PXA 105.3 5.4 157.3 2.3 172.6 34.7

PLA6100+0.1 %Fe 116.8 2.3 156.8 2.6 172.8 40.9

PLA6100+0.5 %Fe 118.3 2.5 156.9 1.8 172.8 38.2
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at 0.1 wt %, thus increasing the crystallinity and im-
proving mechanical properties of the fibres. At the 
higher pigment content of 0.5 wt %, a decrease in 
the tenacity at break of PLA fibres can be observed. 
Higher pigment content can lead to higher ag-
glomeration of pigment particles, worsening thus 
the mechanical properties of the fibres. From the 
point of view of drawing temperature, an increase 
in the tenacity at break of fibres was observed in 
PLA fibres with 0.1  wt  % pigment content drawn 
at 105 °C compared to those with 0.5 wt % pigment 
content drawn at 95 °C due to the increased draw-
ing temperature. At higher drawing temperatures, 
fibres with higher orientation were prepared. 
Higher orientation of the chains causes tighter 
arrangement of macromolecules, thereby increas-
ing the  number and strength of intermolecular 
interactions, which is reflected in higher tenacity at 
break of fibres. A comparison of the dependence of 
tenacity at break on fibres composition (Figure 3a) 
with that of the dependence of elongation at break 

	 c)	 d)

Figure 3. Dependence of tenacity at break s (a), elongation at break e (b), Young’s modulus E (c), and 
fineness of fibres Tt (d) on PLA fibres composition

	 a)	 b)

(Figure 3b), elongation at break of fibres has been 
confirmed to decrease with the increasing tenacity 
at break of fibres.
The elongation at break of fibres is given by the 
greatest elongation that the material achieves 
when it breaks. From  the dependence of elonga-
tion at break on fibres composition (Figure 3b), an 
increase in  the  elongation at break of fibres with 
0.1  and 0.5  wt  % pigment content was observed 
compared to pure PLA fibres. The  highest effect 
of the addition of pigments was observed in PLA 
fibres with 0.5 wt % pigment content. The higher 
the pigment content, the higher the elongation at 
break of fibres.
Young’s modulus was another monitored quantity, 
it is a measure of resistance to deformation and 
depends on crystallinity and orientation. From 
the dependence of Young’s modulus on fibres 
composition (Figure 3c), it can be seen that all PLA 
fibres containing 0.1 wt % of pigments have higher 
modulus than pure PLA fibres, while a  decrease 
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in Young’s modulus in PLA fibres with 0.5  wt  % 
pigment content was observed. All  PLA fibres 
containing 0.5 wt % of pigments were drawn at the 
maximum drawn ratio lmax = 2.5 at 95 °C. It follows 
that oriented systems with lower drawn ratio have 
lower Young’s modulus.
From the dependence of fineness on fibres compo-
sition (Figure 3d), PLA fibres containing 0.1 wt % 
of pigments have shown lower fineness than pure 
PLA fibres, while an  increase in fineness of PLA 
fibres with 0.5 wt % pigment content was detected.

Conclusion

This work was focused on the preparation of colour 
PLA masterbatches and PLA fibres. The influence 
of inorganic pigments on the rheological and 
thermal properties of the prepared colour PLA 
masterbatches and that of colour PLA master-
batches composition and PLA fibres drawn ratio on 
thermal and mechanical properties of PLA fibres 
were determined. Properties of the prepared PLA 
masterbatches subsequently affect the processabil-
ity of PLA during fibre preparation. Based on the 
obtained data, the results can  be formulated into 
the following conclusions:
1.	 Rheological properties of colour PLA mas-

terbatches were determined using a capillary 
viscosimeter and a rotary rheoviscosimeter with 
geometry plate/plate. By adding 1  or 3  wt  % 
of inorganic pigments PXA and Fe to pure 
PLA6100, small changes in the dependences 
of viscosity on shear rate were obtained on  the 
capillary viscosimeter. A more significant drop 
in viscosity was detected after the addition of Ti 
to pure PLA compared to other pigments (PXA, 
Fe). An increase in the viscosity (dependences 
of viscosity on shear rate obtained on the rotary 
rheoviscosimeter with a geometry plate/plate) 
due to the addition of a higher pigment content 
(3 wt %) was observed compared to colour PLA 
masterbatches with 1  wt  % pigment content. 
The  largest increase in viscosity was observed 
when 3 wt % of PXA were added to pure PLA.

2.	Thermal properties of prepared colour PLA 
masterbatches and PLA fibres were determined 
by DSC analysis. By adding 1 or 3 wt % pigment 
content to pure PLA6100, a drop in Tg of colour 
PLA  masterbatches during the 1st heating was 
observed. The increased content of inorganic 
pigments (3 wt %) does not affect the glass tem-
perature. During the 1st heating, cold crystallisa-
tion was measured for colour PLA masterbatches 
with all three pigments. During the 2nd heating, 
pure PLA6100  showed cold crystallisation with 
a maximum exothermic peak at 128.1  °C. And 

with colour PLA masterbatches, cold crystallisa-
tion occurs at  lower temperatures (94—104  °C) 
and shows another peak of cold crystallisation 
at temperatures of 159—161 °C, where pure PLA 
does not crystallize. Considering the thermal 
properties of PLA fibres, the addition of pig-
ment has no effect on Tg and the differences of 
Tg are minimal. During the 1st heating, cold crys-
tallisation was measured for all pigmented PLA 
fibres with 0.1  and 0.5  wt  % pigment content. 
An  increase in the enthalpy of crystallisation 
during cooling due to the addition of inorganic 
pigments occurred. During the  1st  heating, the 
addition of a lower pigment content (0.1 wt %) 
resulted in an increase in the enthalpy of melt-
ing, which increases with the increasing drawing 
temperature. A comparison of the enthalpy of 
melting obtained during the 1st and the 2nd heat-
ing of pure PLA fibres and of PLA fibres with 
0.1 and 0.5 wt % of inorganic pigments, revealed 
a decrease in the enthalpies of melting during 
the 2nd heating.

3.	A comparison of PLA fibres with 0.1 wt % pig-
ment content drawn at 105  °C with PLA fibres 
with 0.5  wt  % pigment content drawn at 95  °C 
showed an increase in the tenacity at break of 
fibres due to increased drawing temperature. 
A decrease in the tenacity at break of PLA fibres 
with higher (0.5  wt  %) pigment content was 
observed. Higher pigment content can lead to 
a higher agglomeration of pigment particles, 
thus worsening the mechanical properties of the 
fibres. The highest effect on elongation at break 
was observed in PLA fibres with 0.5  wt  % pig-
ment content. The higher the pigment content, 
the higher the elongation at break of fibres. By 
comparing PLA fibres with 0.1  wt  % pigment 
content and those with 0.5 wt % pigment content, 
a decrease in Young’s modulus was detected for 
PLA fibres with 0.5  wt  % pigment content. All 
PLA fibres containing 0.5 wt % of pigments were 
drawn at the maximum drawn ratio lmax = 2.5 at 
95 °C. It follows that oriented systems with lower 
drawn ratio have lower Young’s modulus. By 
adding 0.5 wt % of pigment to pure PLA fibres, 
an increase in PLA fibres fineness can be seen.
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Abstract: Analysis of lime peel was applied to assess their suitability for various intended purposes, e.g., 
application in perfumery, cosmetics, and cleaning products, or as a source of bioactive or other value-added 
compounds. Targeted analysis allows wider usability of the waste part of these natural materials. In the present 
study, a novel, efficient, lab-simple, time-saving analytical method for coumarins determination in lime 
peel, including sample pretreatment by extraction and quantification by HPLC with fluorescence detection 
(FLD), is introduced. Optimal conditions of ultrasound assisted extraction included water as extraction 
solvent, temperature of 40  °C, and extraction time of 10 min. A magnetic molecularly imprinted polymer 
was employed as solid phase extraction adsorbent for primary extract cleaning, isolation, and enrichment 
of coumarins before chromatographic analysis. Recovery of herniarin and umbelliferone was more than 
86 % ((RSD ≤ 4.8 %). Linear range of 50—1000 ng/mL with correlation coefficient above 0.998 was obtained 
for the proposed HPLC-FLD method. The limit of quantification was 8.2 and 44 ng/mL for herniarin and 
umbelliferone, respectively. These results show that the proposed sample pretreatment procedure is suitable 
for analytical purposes and is perspective also for the analysis of other citrus samples, as well as for future 
scale-up preparative isolation of bioactive coumarins from citrus peel.

Keywords:	 lime peel, coumarins, ultrasound assisted extraction, selective molecularly imprinted extraction, 
high performance liquid chromatography

Introduction

Natural materials are sources of many bioactive 
compounds useful in the treatment of a wide spec-
trum of diseases. They can be components of food, 
food supplements and cosmetics, as well as cleaning 
products (fragrance ingredients).
Coumarins, secondary plant metabolites, have an 
important function in the biochemistry and physi-
ology of plants (Önder, 2020). From a chemical 
point of view, coumarins are organic heterocyclic 
compounds and their chemical structure is formed 
by 1,2-benzopyrone, which consists of a benzene 
ring connected to a pyrone ring (Annunziata et al., 
2020). Citrus fruits are considered very important 
for the medical, pharmaceutical, perfumery and 
cosmetic industries due to their nutritional, me-
dicinal, and fragrance properties (Raghavan and 
Gurunathan, 2021). Natural lemon peel powder 
was also applied as a heterogeneous catalyst for 
the synthesis of coumarin based heterocyclic com-
pounds (Ganesh et al., 2020). Citrus peels can be 
also used in “zero waste” management at home, to 
cleaning various surfaces or as air freshener; how-
ever, grated fine “crumbs” from the peels (mainly 
lemon and lime) are also used to flavour dishes. 
Approximately 40—50  % of the total mass of cit-
rus fruit is peel, which is generally considered as 

waste. This part of fruits is also a source of bioac-
tive compounds, including coumarins, but some 
may also have undesirable effects (e.g., coumarin 
is regulated for the use in food and cosmetics prod-
ucts (Regulation (EC) No. 1334/2008; Regulation 
(EC) No. 1223/2009); herniarin is prohibited to be 
used in fragrance compounds (Safety Assessment 
of Citrus Peel-Derived Ingredients as Used in 
Cosmetics, 2015)). Citrus waste parts are also used 
as a source of other high value-added compounds 
with beneficial properties (e.g., pectin, ascorbic 
acid, phenolic acids). Several studies reported 
bioactive simple coumarins, such as umbelliferone 
and herniarin (Fig. 1), in citrus (Ramírez-Pelayo et 
al., 2019; Jungen et al., 2021). Higher amounts of 
these compounds have been determined in peels 
compared with the edible parts of the fruit (Singh 
et al., 2020). Antituberculotic, antiinflammatory, 
antidiabetic, antibacterial, antifungal, and antioxi-
dant properties have been indicated for umbelli
ferone (Hussain et al., 2019; Mazimba, 2017), while 
herniarin has demonstrated antiinflammatory, 
antioxidant, anti-proliferative, and antinocicep-
tive effects (Bose and Pattanayak, 2019). Despite 
their beneficial effects, they can cause skin, eye 
or respiratory irritation (at high concentrations), 
which needs further pharmacological research 
(Denisow-Pietrzyk et al., 2019; Lin et al., 2023).
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	 umbelliferone	 herniarin

Fig. 1. Chemical structure of simple coumarins 
investigated in this study.

Thus, the utilisation of waste parts of citrus requires a 
simple, reproducible, and time-consuming analytical 
method for targeted analysis and quality evaluation. 
Sample pretreatment is an important step for subse-
quent analytes determination, e.g. chromatographic 
methods. Several extraction techniques, traditional 
and advanced, have been used for citrus sample pre-
treatment. Traditional methods, including Soxhlet 
extraction with methanol (Abosharaf et al., 2020), 
maceration with ethanol or ethylacetate (Munawaroh, 
2017), as well as distillation (Li et al., 2021), were 
applied for the extraction of bioactive compounds in-
cluding coumarins. Advanced extraction techniques, 
such as ultrasound assisted extraction (UAE) with 
water, methanol/water (80/20, v/v) or methanol 
(Ramírez-Pelayo et al., 2019; Zhao et al., 2020; Jun-
gen et al., 2021; Aznar et al. 2022), microwave assisted 
extraction (MAE) with water or ethanol (Ciriminna 
et al., 2017), supercritical fluid extraction (SFE) with 
CO2 or CO2/ethanol, were also used for the isolation 
of coumarins from different citrus fruits. Solid phase 
extraction is a frequently used technique for primary 
extract purification and analyte preconcentration 
(Aznar et al. 2022; Li et al., 2019; Fan et al., 2015). In 
response to the requirement of rapid, efficient, and 
selective extraction, molecularly imprinted polymers 
(MIPs) have received attention as extraction materi-
als. MIP based extraction is an innovative separation 
technique with many advantages, which include high 
selectivity, chemical and mechanical resistance, as 
well as material reusability. MIP production process 
is controlled (components of reaction mixture, type 
of polymerisation procedure, conditions) so as to ob-
tain many complementary cavities with the memory 
of size, shape, and functional groups of template 
molecules. The cavities, generated after template 
removal from the polymeric matrix, have specific 
recognition and selectivity for the target molecule 
and sometimes also for its analogues. MIP selectivity 
is very advantageous in determining compounds in 
a complex sample, such as natural materials (Chen 
et al., 2016; Jablonský et al., 2020). In citrus analysis, 
a hybrid organic-inorganic monolithic MIP allowed 
the determination of flavone hesperetin (Wang et al., 
2018) and of benzimidazole residues (Liang et al., 
2019).
This article is devoted to the analysis of lime peel 
for the purpose of qualitative and quantitative 

evaluation of selected coumarins. Sample pretreat-
ment procedures for the extraction of coumarins 
from lime have been developed. Solvent extraction 
and solid phase extraction with a selective molecu-
larly imprinted adsorbent were incorporated in the 
analytical method for the determination of selected 
coumarins: umbelliferone and herniarin.

Material and Methods

Materials and Chemicals
Methanol (HPLC grade) and acetic acid (for analy-
sis grade) were purchased from Centralchem (Slo-
vakia). Umbelliferone (7-hydroxycoumarin) and 
herniarin (7-methoxycoumarin) (both 98  %) were 
purchased from Sigma Aldrich (USA). Lime sam-
ples (10 pieces of acid-fruit type, country of origin 
Mexico) were purchased from a local supermarket. 
Citrus peels were removed manually, cut into small 
pieces, and stored in a freezer before analysis.

Solvent extraction
Stirring-assisted solvent extraction: Finely chopped 
lime peel (1  g) was mixed with extraction solvent 
(3 mL), deionised water or methanol. The mixture 
was stirred for 30 min at the constant temperature 
of 23  or 40  °C. The extract was centrifuged for 
1 min at 3000 rpm. The supernatant was collected 
and stored at –18 °C until HPLC-FLD analysis.
Ultrasound-assisted solvent extraction: An extraction 
solvent (3  mL) was added to finely chopped lime 
peel (1 g). The extraction solvent, deionised water 
or methanol, was added and the mixture was 
placed in an ultrasonic bath (45 KHz) with constant 
temperature (23 or 40  °C) for a certain time (10, 
20 or 30 min). The extract was centrifuged (1 min, 
3000  rpm) and supernatant was stored at  –18  °C 
until HPLC-FLD analysis.
The tested extraction conditions are summarised in 
Table 1. Extractions were performed in triplicate.

Solid Phase Extraction
Solid Phase Extraction (SPE) was performed with 
lab-made Fe3O4@MIP-umbelliferone (Machyňáková 
and Hroboňová, 2017). For batch extraction, an ali-
quot of UAE sample extract (1.5 mL), or coumarins 
standard solution, or primary aqueous UAE sample 
extract (obtained at optimal conditions) were mixed 
with Fe3O4@MIP adsorbent (0.1 g, preconditioned 
with 1.5 mL of methanol/acetic acid (9/1 v/v) and 
water) and stirred for 30 min (180 rpm) at 23  °C. 
The sorbent was separated using an external mag-
net, washed with water (1  mL, 5  min, 180  rpm), 
and dried at 90  °C. Fe3O4@MIP was mixed with 
methanol/acetic acid (1.5 mL, 9/1 v/v) and stirred 
for 30 min (180  rpm). The sorbent was separated 

H OOO O OO
H OOO O OO
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using an external magnet and stored at –18 °C until 
the HPLC-FLD analysis.

HPLC analysis
Liquid chromatograph (series 1200, Agilent Tech-
nologies, Germany) consisting of a binary pump, 
automatic injector, column oven, and fluorescence 
detector (FLD) was used. Separations were per-
formed in reverse phase mode using a Kinetex 
C18 column (100 mm × 4.6 mm I.D., 5 μm particle 
size, Phenomenex, USA). Mobile phase consisted 
of 1 % aqueous solution of acetic acid (A) and 1 % 
solution of acetic acid in methanol (B). The gradi-
ent elution process was as follows: 0—12 min linear 
gradient for B component from 30 to 45 %, then to 
100 % of B over 0.5 min, and held at 100 % of B for 
2 min. Flow rate of mobile phase was 1.0 mL/min, 
injection volume was 20 µL, and column tempera-
ture was maintained at 23 °C. Fluorescence spectra 
were taken in the wavelength range of 250—550 nm, 
and chromatograms were recorded at excitation 
wavelength of 320  nm and emission wavelength 
of 450  nm. The HPLC-FLD method (Hroboňová 
and Špačková, 2020) was modified and verified 
using the system suitability test (umbelliferone: 
tR = 6.49 ±0.03 min, k = 3.33 ±0.01, H = 0.013 mm; 
herniarin: tR =  12.17  ±0.03  min, k  =  7.11  ±0.02, 
H = 0.004 mm; Rs(umbelliferone/herniarin) = 16.6; 
analyses were realised in triplicate at the concentra-
tion level of 0.5 μg/mL), and validated which resul
ted in the limit of detection (LOD = 3.0/12.5 ng/mL), 
limit of quantification (LOQ = 8.2/44.0  ng/mL) 
for umbelliferone and herniarin, respectively, and 
linearity (R2 = 0.9998/0.9981  in the concentration 
range of 50—1000  ng/mL for umbelliferone and 
herniarin, respectively.

Statistical analysis
Microsoft Excel 2018 (Microsoft Office, USA) and 
OriginPro 2018  (OriginLab Corporation, USA) 

was used for data processing (linear regression to 
determine calibration curve coefficients and pa-
rameters for LOD, LOQ, and RSD % calculation) 
and visualisation.

Results and discussion

The first step in the separation of desired natural 
coumarins from citrus peel is solvent extraction. 
Solid phase extraction with an adsorbent selective 
for coumarins, molecularly imprinted polymeric 
adsorbent, was performed for primary extract 
purification or analytes preconcentration. These 
sample pretreatment procedures were optimised to 
obtain extract suitable for the HPLC-FLD analysis.

Optimisation of the solvent extraction procedure
Solvent extraction is the most common sample pre-
treatment technique for solid matrices to separate/
isolate compounds; solvent selection is crucial for 
obtaining high extraction efficiency. Solubility of 
analytes, selectivity, and safety should also be con-
sidered in solvent selection. Organic solvents are 
mostly used in extraction of coumarins from differ-
ent matrices; however, extraction methods operating 
at higher temperatures, pressures, or with energy 
field assistance offer some advantages such as lower 
organic solvent consumption and shorter extraction 
time (Rodríguez-García and Raghavan, 2022).
In this work, optimisation of solvent extraction 
parameters (type of solvent, extraction technique, 
temperature, time) was performed by one-variable-
at-a-time method for a sample of lime peel in which 
coumarins were detected. Solvents, methanol and 
deionised water, and conventional stirring assisted 
and advanced ultrasound assisted extraction pro-
cedures were used for the extraction. The yield of 
the targeted coumarins obtained under different 
extraction conditions (Table 1) is presented in Fig. 2. 
Higher temperature (40  °C) increases the solubility 

Tab. 1. Experimental conditions for the extraction of coumarins from lime peel.

Experiment number Extraction method Temperature (°C) Time (min) Solvent

1 UAE 23 30 deionised water

2 UAE 40 10 deionised water

3 UAE 40 20 deionised water

4 UAE 40 30 deionised water

5 UAE 40 10 methanol

6 UAE 40 20 methanol

7 UAE 40 30 methanol

8 stirring 23 30 deionised water

9 stirring 40 30 deionised water

10 stirring 23 30 methanol

11 stirring 40 30 methanol
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of the compounds and diffusion of solvent into the 
sample matrix resulting in higher or comparable 
extraction efficiency for both extraction solvents and 
type of extraction procedures compared to labora-
tory temperature (23 °C) extractions (extraction time 
of 30 min, experimental conditions 1 and 4, 8 and 
9, 10 and 11 listed in Table 1). However, such high 
temperatures may cause the decomposition of ther-
molabile components and extraction of undesirable 
impurities (e.g., umbelliferone is chemically and 
thermally unstable, which may result in many com-
pounds formed during its reflux extraction by metha-
nol, ethanol, buffers, and buffered or non-buffered 
alcohol/water mixtures (Dawidowicz et al., 2018)).
Extraction efficiency depends also on the extrac-
tion time and mostly increases with the increased 
extraction time in a certain time interval. How-
ever, increasing time does not significantly affect 
the extraction efficiency after the equilibrium of 
the solute is reached inside and outside the sample 
matrix (Zhang et al., 2018). In addition, long expo-
sure times at high temperatures can lead to lower 
yield, e.g., due to the decomposition of compounds 
(Che Sulaiman et al., 2017). The conventional, 
stirring-assisted, extraction is inexpensive compared 
to advanced (e.g., UAE) techniques, but has varied 
efficiency and can be time consuming. In this study, 
the extraction time for conventional extraction of 
coumarins was set to 30  min for both investigated 
solvents. This extraction time was chosen due to 

sufficient penetration of solvent in matrix. Results 
in Fig. 2 show no significant difference between the 
amount of extracted compounds obtained by either 
technique at the same extraction time (30  min, 
solvent/sample ratio: 3  mL/1  g, 40  °C). UAE is 
efficient also within a short extraction time due to 
the employment of ultrasonic waves; however, this 
method is costly (Carreira-Casais et al., 2021). Using 
the UAE procedure in the tested time interval of 
10—30 min and at the temperature of 40 °C (based 
on the previous experiment; this temperature is well 
maintained, as the solution heats up during UAE.), 
higher yields of coumarins were achieved in 10 min. 
A comparison of the results of coumarins extraction 
from lime peel using both techniques showed that 
UAE is more effective. In addition, the highest 
yields of coumarins were obtained in a shorter 
extraction time (10 min) using the UAE procedure 
compared to the stirring-assisted extraction realised 
at longer time (30 min), which can be translated into 
economic benefits. Thus, UAE can be proposed as 
a more suitable sample pretreatment technique for 
the extraction of coumarins from citrus peel. Opti-
mal conditions for the extraction of coumarin de-
rivatives, umbelliferone and herniarin, were set as: 
UAE with deionised water as the extraction solvent 
at 40 °C and extraction time of 10 min. These condi-
tions are suitable for obtaining the primary extract 
from lime peel and could eventually be applicable 
also for other citrus fruits (e.g., lemon, orange, 

herniarin

umbelliferone

Fig. 2. Amount of coumarins extracted from lime peel at different extraction conditions. 
Legend:  — deionised water,  — methanol; n = 3.

Krasňanská L et al., Extraction of bioactive coumarins from lime peel…



77

pomelo, grapefruit). HPLC-FLD chromatogram of 
the lime peel extract is shown in Fig. 3B. Table 2 pro-
vides an overview of the traditional and advanced 
extraction techniques used extraction of bioactive 
substances, including coumarin derivatives, from 
citrus fruits. Traditional techniques usually require 
long extraction time (several hours) and the use of 
organic solvents (ethylacetate, petrolether, ethanol). 
Advanced techniques involved in coumarins extrac-
tion, such as UAE, SFE, MAE, are mostly “greener” 
and they allow for efficient extraction in shorter 
extraction time (several minutes). The proposed 
UAE procedure is an example of efficient and fast 
extraction suitable as a sample preparation method 
for targeted HPLC-FLD analysis.

Selective MIP based solid phase extraction
Solvent extraction is considered a good technique 
for organic compound extraction from different 

complex matrices; however, complex extract is 
mostly unsuitable for HPLC analysis in terms of 
possible interferences and/or concentration of ana-
lytes below LOD. Thus, the combination of UAE 
and subsequent SPE is useful for primary extract 
cleaning or analytes preconcentration with a high 
preconcentration factor. In addition, the use of a 
selective adsorbent enables the targeted extraction 
and isolation of analytes.
In the present work, aqueous extract of citrus peel 
(prepared by proposed optimal UAE conditions), 
was treated by batch SPE using a group selective 
magnetic molecularly imprinted polymeric adsor-
bent (Fe3O4@MIP imprinted with the umbelliferone 
molecule) produced by surface imprinting technol-
ogy (Machyňáková and Hroboňová, 2017). The 
core-shell structure of the adsorbent (MIP coated 
on the surface of magnetic particles, Fe3O4) contain 
specific recognition sites for template molecules on 

Tab. 2. Summary of selected extraction and purification techniques for coumarins from citrus fruits.

Sample Coumarinsa Technique Solvent system Conditions Ref.

Traditional extraction techniques

lemon rind umbelliferone 
(kvalitative analysis) Soxhlet 

extraction

petrolether 
reextraction 
with acetone

solvent/sample ratio: 
5 mL/1 g 
time: 12 h (reextraction)

Jose et al., 2014

lemon peel herniarin 
(0.01 mg/L of extract)

Maceration

ethanol time: 30 days Arigo et al., 
2021

lime peel coumarinsb ethylacetate solvent/sample ratio: 
11 mL/1 g (dry peel), 
5 mL/1 g (fresh peel) 
time: 24 h (3×)

Munawaroh, 
2017

lemon peel herniarin 
(1.3 mg/L of oil) Distillation

water ratio solvent/sample: 
2 mL/1 g

Li et al., 2021

Advanced extraction techniques

peel and 
waste parts 
of lemon, 
orange, 
grapefruit

coumarinsb

MAE

distilled water solvent/sample ratio: 
0.8 mL/1 g 
time: 60—80 min

Ciriminna et 
al., 2017

lemon, lime 
peel

herniarin 
(185 mg/kg of lime 
flavedo; 3.6 mg/kg of 
lemon flavedo)

UAE

deionized water solvent/sample ratio: 
8 mL/1 g 
time: 30 s 

Jungen et al., 
2021

citrus peel 
(sweet 
orange, 
tangerine, 
lime)

coumarinsb methanol solvent/sample ratio: 
3 mL (3×) /1 g 
time: 30 min

Ramírez-Pelayo 
et al., 2019

citrus peel scoparone (0.1—0.5 %) 
and other coumarinsb

SFE

CO2 temperature: 40 °C 
pressure: 10 MPa, 
CO2 flow = 1.76 kg/h

Jerkovic et al., 
2015

Citrus 
aurantium 
amara peel

coumarinsb CO2 + ethanol pressure: 17 MPa 
CO2 flow = 2.7 kg/h 
extraction time = 120 min; 
static time = 50 min

Trabelsi et al., 
2016

MAE — microwave assisted extraction, UAE — ultrasound assisted extraction, SFE — supercritical fluid extraction.
asamples also contain other coumarins/furanocoumarins but only results for the target analytes are shown.
bother derivatives of coumarin/furanocoumarins.

Krasňanská L et al., Extraction of bioactive coumarins from lime peel…



78

the surface of carrier particles so that the adsorbent 
can easily rebind and remove the templates. The 
advantage of Fe3O4@MIP extraction is lower solvent 
consumption and the possibility of similar perfor-
mance in the separation of solid and liquid phases 
with external magnetic field, as well as undemand-
ing method development. The Fe3O4@MIP-SPE 
procedure used in this study includes standard steps: 
adsorbent conditioning, analyte sorption from sam-
ple solution, adsorbent washing with water, analyte 
elution with methanol/acetic acid mixture (9/1, v/v) 
(extraction conditions were optimised in a previous 
work, Machyňáková and Hroboňová, 2017). SPE was 
verified by a recovery study with reference solution 
of coumarins at the concentration level of 1 μg/mL 
providing satisfactory recovery values of 93.2 % and 
86.9 % (RSD ≤ 4.8 %, n = 3) for umbelliferone and 
herniarin, respectively.
Using the proposed extraction procedure (UAE 
combined with Fe3O4@MIP) and HPLC-FLD quan-
tification method, lime peel was analysed. Umbelli
ferone and herniarin were detected in the lime peel 
sample (comparing the elution characteristics with 
standards (Fig. 3A) and their fluorescence spectra) 
and quantified by the calibration curve method, 
providing values of 1.1 μg/g and 454 μg/g, respec-
tively (RSD ≤ 5 %, n = 3). A chromatogram of the 

lime peel extract treated by batch extraction on 
Fe3O4@MIP is shown in Fig. 3C. Chromatograms 
before and after MIP extraction indicated that the 
extract was purified and batch extraction on the 
Fe3O4@MIP adsorbent can be successfully applied 
to selective separation of coumarins from lime peel.
The peels of citrus fruits (e.g., orange, lemon, 
grapefruit, pomelo, or different lime species, e.g., 
Persian lime, Mexican lime) are different both in 
terms of structural diversity and composition, and 
thus the combination of the proposed procedures 
(UAE and Fe3O4@MIP-SPE) for sample pretreat-
ment does not always have to be applied. UAE 
is suitable as the first step in obtaining primary 
extract. Fe3O4@MIP-SPE is convenient to use as an 
additional purification as well as preconcentration 
step before the HPLC-FLD analysis. This work 
shows the possibility of applying both single-step 
and combined sample preparation procedures for 
chromatographic analysis.
Research on different citrus peel (sweet orange, 
lemon, grapefruit, bergamot, pomelo, and clem-
entine) has shown that orange and clementine 
contain lower amounts of coumarins in comparison 
with bergamot peel, while much higher amount 
was determined in flavedo. In lemon, graperfruit, 
and bergamot peel, trace concentrations of um-

	 B	 C

Fig. 3. HPLC-FLD chromatograms of standard solution of umbelliferone and herniarin (A), UAE 
aqueous lime peel extracts (B) and extract obtained by combined UAE and Fe3O4@MIP batch solid phase 

extraction sample pretreatment procedure (C). Legend: 1 — umbelliferone, 2 — herniarin.

A

Krasňanská L et al., Extraction of bioactive coumarins from lime peel…



79

belliferon were determined by the UHPLC-MS 
method (Lončar et al., 2019; Dugrand et al., 2013; 
Jungen et al., 2021). The content of coumarins 
docum, ented in previous works are comparable 
to the results of this work and they vary in a wide 
interval depending on the citrus type, e.g. from 
0.8 μg/g (orange) to 140 μg/g (grapefruit) (Lončar 
et al., 2019). Dosoky et al. (2022) observed dif-
ferences in the coumarins and furanocoumarins 
content in citrus oils of different crop varieties and 
origins within the same species. In a sample of lime 
oil (Citrus aurantifolia (Christm., Swingle, Brazil)), 
herniarin was not detected by the UHPLC-MS/MS 
method. On the contrary, in samples of lime es-
sential oils (Mexican lime, Key lime, Persian lime), 
herniarin was determined in the wide concentra-
tion interval of 7.4—3880 ppm.

Conclusion

Analysis of citrus peel was applied to assess their 
suitability for the intended purpose, i.e., applica-
tion in perfumery, cosmetic and cleaning products, 
or as a source of bioactive or other value-added 
compounds. Efficient, lab-simple, and time-saving 
analytical methods able to reach the requirement of 
high-throughput screening and ecology can contrib-
ute to wider applicability of waste natural materials. 
This study demonstrates that UAE and selective MIP 
extraction are an effective tool for sample pretreat-
ment and isolation of coumarins from lime peel 
for subsequent quantification by the HPLC-FLD 
method. The proposed extraction conditions for 
selected type of lime (UAE extraction with water at 
40 °C, extraction time of 10 min; Fe3O4@MIP extract 
purification and analytes preconcentration) could 
become routine sample preparation methods for 
analytical purposes and they are a perspective tool 
for other citrus samples analyses, as well as for future 
scale-up extractions of bioactive coumarins from 
citrus peel.
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Abstract: Two potent novel perfluorophenylhydrazone derivatives are presented as multi-target compounds 
to combat Alzheimer disease C11H4BrF5N2S, 1-((4-bromothiophen-2-yl)methylene)-2-(perfluorophenyl)
hydrazine, (I) and C12H6BrF5N2S, 1-((4-bromo-5-methylthiophen-2-yl)methylene)-2-(perfluorophenyl)
hydrazine, (II), which can potentially be improved by further design. Their multi-target structures and features 
have been combined as potential AD therapeutics. Crystals (I), and (II), are molecules with two rings and a 
hydrazone part as a centre of the molecule. The compounds have been synthesised and characterised by elemental 
spectroscopic (1H-NMR) analysis. Crystal structures of the solid phase were determined by single crystal X-ray 
diffraction method. Both compounds crystallise in the monoclinic space group with Z = 4 and Z = 2 molecules 
per unit-cell. Compound (I) crystallises as a racemate in the centrosymmetric space group and compound (II) 
crystallises as a non-racemate in the non-centrosymmetric space group. Their “absolute configuration and 
conformation for bond values” were derived from the anomalous dispersion (rmad) for (II). Crystal structures 
revealed diverse non-covalent interactions such as intra- and inter-hydrogen bonding, p-ring···p-ring, 
C—H···p-ring. The expected stereochemistry of hydrazones atoms C7, N2 and N1 were confirmed for (I) and 
(II). Both molecules show “boat conformation” like a 6-membered ring. Results of single crystal studies were 
reproduced with the help of Hirshfeld surface study and Gaussian software.

Keywords:	 Ab initio DFT/B3LYP/6-311G/Auto calculation, hydrazine, Hirshfeld surface, hydrogen interac-
tions, single-crystal X-ray study

Introduction

Microbial resistance to antibiotics is an urgent and 
well-known problem worldwide. Several hydra-
zones synthesised under benign reaction condi-
tions have proved to be potent growth inhibitors of 
drug-resistant strains of Staphylococcus aureus and 
Acinetobacter baumannii with minimum inhibitory 
concentration values. These molecules are non-
toxic to human cells at appropriate concentrations. 
Although hydrazones possess greater intrinsic 
hydrolytic stability than the corresponding imines, 
these molecules can be converted into the starting 
materials by reacting with water under physiologi-
cal condition. Antimicrobial activity of hydrazones 
is probably caused by the hydrolysed products, 
aldehydes, and hydrazines. For example, the alde-
hyde derivative did not show any activity, but the 

hydrazine showed weak growth inhibition. Thus, it 
can be concluded that the antimicrobial activity of 
the compounds is due to their hydrazone functional 
groups, not due to their possible hydrolysed prod-
ucts. Fluorine substitution has been extensively 
studied in drug discovery to enhance biological ac-
tivity and increase chemical and metabolic stability 
of the resultant molecules. Hydrazone derivatives 
have been designed and synthesised not only for 
antimicrobial studies. They are of general wide 
interest not only in medicinal chemistry (Verma 
et al., 2014; Kuman and Chauhan, 2014; Giliberti 
et al., 2010; Bari et al., 2019; Tonelli et al., 2008; 
Saha et al., 2019) but also in material chemistry 
(Su and Aprahamian, 2014; Burdette, 2012; Fer-
inga and Browne, 2011; Xu et al., 2018; Lukeš et 
al. 2016; Sandoval‐Torrientes et al., 2017; Beverina 
et al., 2011; Tarabová and Milata, 2012), and they 
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exhibit nematicidal and insecticidal activity (Eloh 
et al., 2015). Hydrazones exhibit a broad spectrum 
of biological activities and have been described in 
the treatment of tuberculosis, malaria, and cancer. 
They have also been identified as strong radical 
scavengers and their multitarget properties have 
been combined as potential Alzheimer’s disease 
(AD) therapeutics. Hydrazones were found to be 
very good inhibitors of amyloid beta fibril and oli-
gomer formation and they showed highly effective 
radical scavenging properties (Baier et al., 2021). 
N-pentafluorophenyl substituted hydrazones can 
also be used as analytical reagents. Two principles 
are most often used in the analysis:
1.	 Interaction of an ion (anion, cation) with a sec-

ondary amino group leading to a colour change 
after the addition of the analyte.

2.	Formation of a stable molecular ion or a frag-
ment well detectable in mass spectrometry (usu-
ally pentafluorophenyl).

Ions such as the fluoride anion (Ghosh et al., 2018; 
Chowdhury et al., 2015) (Scheme 1, 2, 3) can be 
well determined. Fluorine is the thirteenth most 
abundant element on Earth and occurs mainly in 
form of the minerals fluorite, fluorapatite, and cry-
olite. Only twelve organic compounds of fluorine 
have been identified in nature, all of which show 
considerable toxicity. Despite the low occurrence 
of fluoroorganic compounds in nature, which are 
without exception highly toxic, chemical research 
and industry currently produce thousands of new 
fluorine-containing organic compounds. The year 
1941 is considered the beginning of synthetic fluo-
roorganic chemistry. According to data from the 
Internet, global demand for fluorine-containing 
chemicals in 2015  reached 3.35  million tons per 
year. Due to the wide range of issues in different 
research works, crystal, molecular and electronic 
properties of N-pentafluorophenyl hydrazones will 
be discussed. These compounds show diverse crys-
tal-molecular interactions including interactions 
such as p···p, C—H···p, etc. Here, the crystal-base 
structural properties were investigated by the single 
crystal X-ray diffraction method, Gaussian method, 
and the Hirshfeld surface analysis. Synthesis, 
molecular, crystal, and electronic structure of title 
compounds (I) and (II) are reported. The interest 
of our research group is to develop novel hydrazone 
derivative routes for their synthesis in simple and 
efficient ways. Molecules of the title compounds 
crystallise in the space group P21/n and Pn. Ac-
cordingly, compound (I) is a racemate and consists 
of one molecule in the independent part of the 
unit-cell with relative configuration of carbon 
atoms, while compound (II) is a non-racemate and 
consists of one molecule in the independent part of 

the unit-cell. Hydrazone part of the molecule and 
its left and right side possess “a boat conformation” 
like a 6-membered ring. The first right-side ring, 
hexafluorophenyl, is planar and adopts a plane 
conformation, while atom N1  is displaced from 
this plane with the out-of-plane displacement of 
0.011  (3) for (I) and 0.034  (7) Å for (II); out-of-
plane displacement for atoms F1, F2, F3, F4, F5 is 
0.078 (3), –0.039 (3), –0.013 (3), 0.018 (3), –0.028 (3) 
for (I), and 0.075  (7), –0.032  (8), 0.009  (7), 
–0.009 (7), –0.047 (6) Å, (II). The second left-side 
ring, thiophene, is also planar, the out-of-plane 
displacement for atom Br1 is –0.013 (3) for (I) and 
–0.008 (7), (II) and for atom C12 it is 0.066 (10) Å, 
(II).
Dihedral angle between the planes is 32.00 (5)° for 
(I) and 31.77 (11)° for (II). Compounds (I) and (II) 
were investigated by ab initio DFT/B3LYP/6-311G 
calculations, and properties of the conformation of 
products (I) and (II) were checked by X-ray structure 
determination. Title compound (I) (Scheme 1) as a 
hydrazone derivative crystallises in the centrosym-
metric space group, while title compound (II) 
(Scheme 2) as a hydrazone derivative crystallises in 
the non-centrosymmetric space group (monoclinic 
crystal system). Simple Hirshfeld surface analysis 
was used to visualize the map for the different 
intermolecular interactions (energies) in the crystal 
structure and the Gaussian natural bond order 
analysis was performed (Frisch et al., 2016).

S
N

HN
C6F5

Br

Scheme 1. Molecular scheme of title compound (I).

S N
HN

C6F5
Br

Scheme 2. Molecular scheme of title compound (II).

Material and Methods

Chemicals

Synthesis and crystallisation
Compounds (I) and (II) were prepared according 
to a standard protocol (Scheme 3) described in 
literature. All NMR spectra were obtained using an 
INOVA NMR 300 MHz spectrometer (operating fre-

Sivý J et al., Two novel potent perfluorophenylhydrazone derivatives…



83

quencies 300 MHz (1H), 75 MHz (13C), and 282 MHz 
(19F)) equipped with an inverse triple resonance 
probe and a standard tuneable X/H probe with the 
possibility to tune the high frequency channel to 
the resonance frequency of 19F. Tetramethylsilane 
was used to calculate the 1H and 13C chemical shift 
scales and for correct reference using the (residual) 
solvent signals (2.50 and 39.52 ppm for DMSO, and 
7.26 and 77.00 ppm for chloroform). CFCl3 was used 
to calculate the 19F chemical shift scale; in order to 
correctly reference the 19F chemical shift scale, an 
automatic referencing mechanism exploiting the 2H 
signal of the deuterated solvent was used.

General procedure for hydrazone synthesis
To a solution of the corresponding aldehyde in 
20  ml of ethanol, ethanolic solution (10  ml) of 
pentafluorophenylhydrazine was added. Then, 
a catalytic amount of concentrated hydrochloric 
acid was added (approximately 3—5 drops) and the 
reaction mixture was refluxed for 8 hours (under 
TLC + UV control). The solvent was evaporated 
under reduced pressure and the residue was crys-
tallised from ethanol to obtain pentafluorophenyl-
hydrazone (I) — (II).

1-((4-Bromothiophen-2-yl)methylene)-2-(perfluorophenyl)
hydrazine, (I), (Scheme 3)
4-Bromothiophene-2-carbaldehyde (1.000  g, 
5.23  mmol, 1  eq.) and pentafluorophenylhydra-
zine (1.037 g, 5.23 mmol, 1 eq.) were left to react 
in ethanol following the general procedure for 
hydrazones synthesis. Hydrazone (I) was obtained 
as a brown crystalline matter in a 51  % yield 
(0.991 g), m.p. 138—140 oC. 1H NMR (300 MHz): 
dH = 7.07 (d, J = 1.3 Hz , 1H), 7.20 (d , J = 1.1 Hz, 
1H), 7.88 (s, 1H). 13C NMR (75 MHz): dC = 109.88, 
119.75, 124.26, 129.87  135.78, 136.05, 138.15, 
139.67. 19F NMR (282  MHz): dF = –165.80  (tt, 
J  =  3.8  Hz, J = 21.6, 1F), –163.30  (dt, J = 4.8  Hz, 
J = 21.4, 2F), –155.64 (d, J = 21.6, 2F).

1-((4-Bromo-5-methylthiophen-2-yl)methylene)- 
2-(perfluorophenyl)hydrazine, (II) (Scheme 3)
4-Bromo-5-methylthiophene-2-carbaldehyde 
(1.000 g, 4.88 mmol, 1 eq.) and pentafluorophenyl-
hydrazine (0.966 g, 4.88 mmol, 1 eq.) were left to 

react in ethanol following the general procedure 
for hydrazones synthesis. Hydrazone (II) was ob-
tained as a brown crystalline matter in a 60 % yield 
(1.127  g),  m.p. 153—155  oC. 1H NMR (300  MHz) 
d 10.37  (s, 1H), 8.17  (s, 1H), 7.23  (s, 1H), 2.34  (s, 
3H). 13C NMR (75 MHz) d 137.7  (dm J = 245 Hz), 
137.3 (dm J = 246 Hz) 137.2, 136.0, 135.0, 133,9 (dm 
J = 247 Hz) 129.9, 120.8 (m) 108.7, 14.6. 19F NMR 
(282  MHz): dF= –169.73  (m, 1F), –164.33  (m, 2F), 
–155.75 (m, 2F) (Bortňák et al., 2020).

Crystallography and Hirshfeld surface analysis
Manuals: “The CIF file, refinement details and 
validation of the structure, IUCr, 2011” and “User 
guide to crystal structure refinement with SHELXL, 
IUCr, 2008” defined the refinement rules for 
all H atoms, e.g. positioning with non-idealised 
geometry using a constrained riding model with 
C—H distances in the range of 0.70—0.99 Å (AFIX 
cards were not used) and non-idealised geometry 
N—H distance in the range of 0.82—0.87 Å (AFIX 
cards were omitted) (Sheldrick, 2015). The Uiso(H) 
values were set to 1.2Ueq (C-aromatic, N) and 1.5Ueq 
(C‑methyl), respectively.
Crystal data and conditions of data collection and 
refinement are reported in Table 1. Data collection 
for (I):
A single crystal was measured on an Eulerian 
four-circle diffractometer Stoe STADIVARI with 
a Dectris Pilatus 300  K detector (computing data 
collection: X-Area Pilatus3_SV 1.31.150.0  (STOE, 
2018), computing cell refinement: X-Area Recipe 
1.33.0.0 (STOE, 2015), computing data reduction: 
X-Area Integrate 1.73.1.0  (STOE, 2018), X-Area 
X-Red32  1.65.0.0  (STOE, 2018), computing pub-
lication material: STOE & Cie GmbH, X-Area, 
software package for collecting single-crystal or 
multi-domain crystal data on STOE area-detector 
diffractometers, for image processing, for correc-
tion and scaling of reflection intensities and for 
outlier rejection, version 1.84, (Darmstadt (2018)). 
Data collection for (II): Rigaku Oxford Diffrac-
tion, (2022), CrysAlisPro Software system, version 
171.42.49  (computing data collection, computing 
cell refinement and computing data reduction:
CrysAlisPro, Agilent Technologies, Version 
1.171.37.31), programs used to solve structure 

Scheme 3. Ar = 4-bromothiophene-2-yl (I), 4-bromo-5-methylthiophene-2-yl (II).
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(Sheldrick, 2008; Burla et al., 2015), to refine struc-
ture (Sheldrick, 2015; Hübschle, 2011), molecular 
graphics (Brandenburg, 1999), to prepare material 
for publication (Frisch et al., 2016; Jayatilaka et al., 
2005; Spackman et al., 2008; Spackman and Jayati-
laka, 2009; Spackman et al., 2021; Sheldrick, 2015; 
Turner et al., 2017; Dolomanov et al., 2009; Spek, 
2003; Hübschle, 2011).

Results and Discussion

The start ‘configuration’ of the molecules in abso-
lute formulation is known from the synthesis and 
‘stereochemistry’ of atoms in the molecules was 
confirmed. Molecular geometry and atom number-
ing scheme of (I) and (II) are shown in Figs. 1, and 
3, respectively. Molecular crystal packing view of 
(I) and (II) are shown in Figs. 2 and 4, and experi-

mental characteristics of compounds (I) and (II) are 
listed in Table 1, selected geometric parameters are 
listed in Tables 3 and 5.
Central hydrazone part of the molecule is planar 
for both title compounds. Atom N1 possesses more 
negative net charge than N2 (Figs. 5, 6, NBO analy-
sis). Molecular structures are moreover stabilised by 
one intramolecular N1—H1···F5 hydrogen bond 
and one intramolecular C12—H12C···Br1  hy-
drogen interaction only for (II) with an H-atom 
as the donor, Figs. 1, 3, Tabs. 4, 5. The N1—N2 
[1. 380  (6)—1. 384  (2) Å] distances are slightly 
shorter compared to the hydrazine Nsp2—Nsp2 
(about 1.40 Å) single bond (Allen et al., 1987) and 
about 1.46  Å single bond (Collin and Lipscomb, 
1951) which indicates that there is a significant 
delocalisation of p-electron density over the hy-
drazone portion of the molecule. Conformation 

Fig. 1. Molecular structure of title compound (I) 
with atomic numbering scheme. Displacement 

ellipsoids are drawn at the 50 % probability level.

Fig. 2. Part of the crystal structure of title com-
pound (I) showing formation of intermolecular 

hydrogen interactions. Chains of molecular 
structure of the title compound extend along 

the a axis. H atoms not involved in the motif have 
been omitted.

Fig. 3. Molecular structure of title compound (II) 
with atomic numbering scheme. Displacement 

ellipsoids are drawn at the 50 % probability level.

Fig. 4. Part of the crystal structure of title 
compound (II) showing the formation of inter

molecular hydrogen interactions. Chains 
of molecular structure of the title compound 

extend along the b and c axes. H atoms not 
involved in the motif have been omitted.
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Tab. 1. Experimental characteristics of compounds (I)a and (II)b.

Empirical formula 	 C11H4BrF5N2S C12H6BrF5N2S

Formula weight 	 371.13 385.16

Temperature (K)	 298(2) 298(2)

Wavelength (Å)	 1.54178 0.71073

Crystal system 	 Monoclinic Monoclinic

Space group 	 P21/n (centro) Pn (non-centro)

Unit-cell dimensions (Å, o)	 a = 7.11250(10) 

	 b = 25.0194(5) 

	 c = 7.1935(2)  

	 b = 109.457(2)

a = 7.1916(3) 

b = 13.5415(5) 

c = 7.2384(4) 

b = 109.951(6)

Volume (Å3) 	 1206.98(5) 662.61(6)

Z	 4 2

Density (calculated) (Mg/m3)	 2.042 1.930

Absorption coefficient (mm–1)	 6.826 3.311

F(000)	 720 376

Crystal size (mm)	 0.594 × 0.220 × 0.091 0.591 × 0.306 × 0.065

Theta range for data collection (o)	 3.533 to 71.747 1.504 to 32.774

Index ranges	 –8 £ h £ 8, 

	 –30 £ k £ 29, 

	 –8 £ l £ 8	

–10 £ h £ 10, 

–20 £ k £ 20, 

–10 £ l £ 10

Reflections collected	 32397 11109

Independent reflections	 2331 [R(int) = 0.0402] 4379 [R(int) = 0.0508]

Completeness to theta (°, %)	 67.679, 100.0  25.242, 100.0

Refinement method	 Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters	 2331/0/184 4379/2/194

Goodness-of-fit on F2	 1.036 1.032

Final R indices [I > 2σ (I)]	 R1 = 0.0296, wR2 = 0.0866 R1 = 0.0447, wR2 = 0.1013

R indices (all data)	 R1 = 0.0298, wR2 = 0.0869 R1 = 0.0531, wR2 = 0.1097

Absolute structure parameter	 – 0.007(11) (Flack)

Chemical absolute configuration	 – rmad

Extinction coefficient	 – –

Largest diff. peak and hole (e·Å3)	 0.523 and –0.832 1.063 and –1.137
aCCDC_2027085,
bCCDC_2027086. Crystallographic data for the structures reported in this paper will be available from the Cambridge Crys-

tallographic Data Centre.

Tab. 2. H-bond geometry and Y—X···p-centroid (Cg(1)) stacking interactions (Å, o) for (I).

D—H···A D—H H···A
D···A 

Y—X···Cg(1)
D—H···A

N1—H1···F5 0.87(3) 2.39(2) 2.739(2) 105(2)

C7—H7···F1i 0.99(3) 2.63(3) 3.404(2) 135(2)

N1—H1···F2i 0.87(3) 2.55(3) 3.087(2) 121(2)

N1—H1···S1ii 0.87(3) 2.74(3) 3.538(2) 152(2)

C5—F4···Cg(1)iii 3.766(2)

Symmetry codes: 
i1 + x, + y, + z; 
ii1/2 + x, 1/2 – y, 1/2 + z; 
iii–1/2 + x, 1/2 – y, –1/2 + z; Cg(1): C8, C9, C10, C11, S1.
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Tab. 3. Selected geometric parameters for (I): bond lengths (Å), bond and torsion angles (o).

C1—N1	 1.393(3) C7—N2—N1	 115.73(17)

C7—N2	 1.277(3) N1—C1—C6—F5	 0.8(3)

C8—S1	 1.732(2) N1—C1—C6—C5	 –179.68(19)

C9—S1	 1.717(2) N2—C7—C8—C11	 174.6(2)

C10—Br1	 1.886(2) N2—C7—C8—S1	 –7.3(3)

N1—N2	 1.383(2) S1—C9—C10—C11	 –0.2(2)

C7—C8	 1.452(3) S1—C9—C10—Br1	 179.47(11)

C2—C1—N1	 120.40(18) Br1—C10—C11—C8	 –179.73(15)

N1—C1—C6	 123.03(19) C2—C1—N1—N2	 –138.44(19)

N2—C7—C8	 119.23(18) C6—C1—N1—N2	 43.9(3)

N2—C7—H7	 120.4 C8—C7—N2—N1	 176.83(17)

C11—C8—S1	 111.53(16) C1—N1—N2—C7	 162.23(18)

C7—C8—S1	 120.84(15) C10—C9—S1—C8	 0.33(17)

C10—C9—S1	 110.80(16) C11—C8—S1—C9	 –0.34(17)

C9—C10—Br1	 123.26(16) C7—C8—S1—C9	 –178.76(17)

C11—C10—Br1	 122.38(15) N1—C1—C2—F1	 2.1(3)

N2—N1—C1	 117.00(17) N1—C1—C2—C3	 –178.16(18)

C9—S1—C8	 91.86(10)

Tab. 4. H-bond geometry and Y—X···p-centroid (Cg(1)) stacking interactions (Å, o) for (II).

D—H···A D—H H···A
D···A 

Y—X···Cg(1)
D—H···A

C12—H12C···Br1 0.99(8) 3.08(8) 3.359(7)   98(5)

N1—H1···F5 0.82(7) 2.28(6) 2.748(5) 117(6)

C12—H12C···Br1i 0.99(8) 3.06(7) 3.892(6) 143(6)

C12—H12B···F4ii 0.95(8) 2.39(8) 3.138(7) 135(6)

N1—H1···F2iii 0.82(7) 2.55(7) 3.084(6) 124(5)

N1—H1···S1iv 0.82(7) 2.91(7) 3.620(5) 146(6)

C2—F1···Cg(1)v 3.924(4)

C5—F4···Cg(1)vi 3.756(4)

Symmetry codes: 
ix + 1/2, –y + 1, z + 1/2;	 ivx – 1/2, –y, z – 1/2;  
iix, y + 1, z;	 v–1/2 + x, –y, 1/2 + z; 
iiix, y, z – 1;	 vi1/2 + x, –y, 1/2 + z;  

Cg(1): C8, C9, C10, C11, S1. 

of the N1—H1  group of the hydrazone part is 
advantageous for intramolecular H bond to the 
hexafluorophenyl part of the molecule(s). Unit-cell 
density for the parent compound (I) is 2.042 g/cm3 
(V = 1206.98, F(000) = 720.0, µ = 6.83  mm–1, cell 
weight = 1484.53, r = 2.042). The introduction of a 
methyl-substituent to H atom of the thiophene ring 
for (II) changed this to value of 1.930 g/cm3 (V = 
662.61, F(000) = 376.0, µ = 3.31 mm–1, cell weight = 
770.32, r = 1.930).
Different values of the unit-cell densities indicate the 
role of the crystallisation process of the substituent 
on this parameter. The methyl-substituted com-
pound has the lowest value of unit-cell density.

The observed bond lengths and Wiberg bond in-
dices of the compounds showed a clear distinction 
between single and double bonds in the central 
spacer unit and the rest of the molecules (Wiberg, 
1968). Atoms C7—C8 [1.452 (3) Å, Iw = 1.110 and 
1.447, Iw = 1.118] and N2=C7  [1.277  (3) Å, 
Iw = 1.737 and 1.280, Iw = 1.729] interatomic dis-
tances confirm their character as single and dou-
ble bonds, (Br1—C10: Iw = 1.033 and Iw = 1.027). 
Atom S1 represents the strong stability effect for 
this molecule side part (charge 0.433  and 0.425, 
Figs. 5, 6).
Torsion angle of C2, C1, N1, N2 atoms suggests that 
H1 atom participates in intra- and intermolecular 
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Tab. 5. Selected geometric parameters for (II): bond lengths (Å), bond and torsion angles (o).

C1—N1	 1.390(6)

C7—N2	 1.280(6)

C7—C8	 1.447(7)

C8—S1	 1.725(5)

C10—Br1	 1.883(5)

N1—N2	 1.380(6)

C2—C1—N1	 123.4(4)

C6—C1—N1	 119.8(4)

N2—C7—C8	 119.7(4)

C9—C8—S1	 111.3(4)

C7—C8—S1	 121.5(4)

C10—C11—S1	 109.1(4)

C9—C10—Br1	 122.9(4)

C11—C10—Br1	 122.1(4)

C7—N2—N1	 116.7(4)

C8—S1—C11	 92.8(2)

N1—C1—C2—C3	 179.7(5)

N1—C1—C6—C5	 –177.8(5)

N2—C7—C8—C9	 173.9(5)

N2—C7—C8—S1	 –8.1(6)

C12—C11—C10—Br1	 3.1(8)

S1—C11—C10—Br1	 –179.7(3)

Br1—C10—C9—C8	 179.8(3)

C2—C1—N1—N2	 44.4(5)

C6—C1—N1—N2	 –138.0(7)

C8—C7—N2—N1	 177.1(4)

C1—N1—N2—C7	 162.1(4)

N2—N1—C1	 117.7(4)

Fig. 5. Molecular structure of title compound (I) shoving net atomic charges.

Fig. 6. Molecular structure of title compound (II) shoving net atomic charges.

hydrogen bonds. Fig. 7 shows the best least-squares 
fit (RMS Error = 5.714 × 10–3 Å, atoms C1, N1, N2, 
C7, C8,) between the close molecules (I) and (II) 

(Hypercube, 2007). In Fig. (7) it is shown how mol-
ecules fit together to form the molecular structure 
of (I) and (II).
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Fig. 7. Molecular structure fit of compounds (I) and (II).

Fig. 8. Molecular packing view of the crystal 
structure of (I) showing the formation of the C(6) 

graph-set motif.

Fig. 9. Molecular packing view of the crystal 
structure of (II) showing the formation of the C(6) 

graph-set motif.

Fig. 10. Molecular packing view of the crystal 
structure of (I) showing the formation of the 

Y—X···Cg(1) bond motif.

Fig. 11. Molecular packing view of the crystal 
structure of (II) showing the formation of the 

Y—X···Cg(1) bond motifs.
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Graph-set motif of the molecules was proved to be a 
C(6) graph-set motif (Bernstein et al., 1995), (Figs. 
8  and 9). Cremer-Pople puckering parameters 
of the parts of molecules were not confirmed for 
either crystal structure. Molecular packing view of 
the crystal structures shows the formation of the 
Y—X···Cg(1) bond motifs (Figs. 10 and 11).
Results of these calculations are in good agreement 
with the experimental values of bond lengths found 
by X-ray structure analysis. NBO analysis of theoret-
ical calculations in vacuum (without an addition of 
polarisation functions) at the ab initio DFT/B3LYP 
level using the 6-311G basis set model (single point 
geometry, NBO net charges) is shown for selected 
atoms in Figs. 5 and 6. Hirshfeld surface analysis is 
a powerful tool for gaining additional view into the 
intermolecular interactions of molecular crystals. 
The size, shape and type of Hirshfeld surface al-

lows for qualitative and quantitative investigation 
and visualisation of intermolecular close contacts 
in molecular crystals. The structure with its Hirsh-
feld’s approach considers each molecule enclosed 
surface (Hirshfeld surface) so that in any point, 
half or more electron density comes from the atoms 
of the molecule. The Hirshfeld surface map over 
dnorm analyses the electron density, shape-index, 
and the curvedness of a surface. Hirshfeld surface 
(Figs. 12 and 13) shows simple workable places for 
biological activity including the shortest distances 
of worthy molecule-hydrogen bonds to suitable 
receptor site-locality and thus for the molecular 
“dimension”, biological activities will be as few as 
adequate (dnorm range of (–0.187, 1.017) and dnorm 
range of (–0.193, 1.116), atoms within the radius of 
3.80 Å). Hirshfeld surface analysis was carried out 
in order to study the nature of the surface molecu-

Fig. 12. Simple Hirshfeld surface for title compound (I).

Fig. 13. Simple Hirshfeld surface for title compound (II).
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lar bond contacts of the title compounds. Hirshfeld 
surfaces were generated using CrystalExplorer 
17.5  to analyse the nature of the intermolecular 
contacts and their quantitative contributions to 
the crystal packing in (I) and (II). Electrostatic 
potentials, obtained using TONTO, integrated in 
CrystalExplorer using the DFT/B3LYP/6-31G 
basis set model were involved to map the Hirshfeld 
surfaces over the electrostatic potentials.
To define CrystalExplorer model energies, total en-
ergy of interaction between molecules in the crystal 
structure is commonly expressed in terms of four 
key components: electrostatic, polarisation, disper-
sion, and exchange-repulsion and the preferred 
energy model B3LYP/6-31G(d, p) was employed. 
The model B3LYP/6-31G(d,p) 6d 10f NoSymm 
Counterpoise=2 EmpiricalDispersion=GD2 was ap-
plied by Gaussian.
The CrystalExplorer and Gaussian unit cell crystal 
packing model energies for (I) and (II) are listed 
in Tables 6  and 7, respectively. It is noteworthy 
that binding abilities with N1—H1···S1  hydro-
gen bond geometry and corrected complexation 
energy results are more effective in (I) compared 
to (II) considering the same participation of 
N1—H1···S1 with respect to the appropriate crys-
tal structure.

Conclusions

1-((4-Bromothiophen-2-yl)methylene)-2-(per
fluorophenyl)hydrazine and 1-((4-bromo-5-methyl-
thiophen-2-yl) methylene)-2-(perfluorophenyl)hy
drazine were synthesised and NMR spectra, X‑ray 
investigation, and Gaussian analyses were per-
formed. Two hydrazone derivatives and its “chemi-
cal, molecular-structural, NBO charges, Hirshfeld 
surface and fitting interaction properties” were con-
firmed experimentally as well as theoretically. Atoms 
of sulfur, nitrogen and their hydrogen atoms play a 
considerable role in the bond system of the molecule 
and participate in the “configuration diversity” of 
the spatial forms of the molecules in the crystal 
structure. “Conformation diversity” has not been 
shown in the fitting scheme (Fig. 7).
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Tab. 6. Interaction energies (kJ/mol, kcal/mol) for (I).

R E_ele E_pol E_dis E_rep E_tot complexation energy (raw)/ (corrected)

C7—H7···F1, N1—H1···F2, 1 + x, + y, + z 

7.11 –6.91 –1.79 –23.38 11.70 –21.76 –10.82/–6.00

N1—H1···S1, 1/2 + x, 1/2 – y, 1/2 + z 

4.23 –17.23 –3.81 –58.08 52.65 –39.09 –15.82/–11.15

C5—F4···Cg(1), –1/2 + x, 1/2 – y, –1/2 + z

4.23 –17.23 –3.81 –58.08 52.65 –39.09 –15.82/–11.15

Tab. 7. Interaction energies (kJ/mol, kcal/mol) for (II).

R E_ele E_pol E_dis E_rep E_tot complexation energy (raw)/ (corrected)

C12—H12C···Br1, x + 1/2, –y + 1, z + 1/2 

13.08 –1.13 –0.37   –7.50   0.00   –8.00 –3.61/–1.72

C12—H12B···F4, + x, + y + 1, + z 

13.54 –0.56 –0.26   –6.26   0.00   –6.23 –2.91/–1.61

N1—H1···F2, + x, + y, + z – 1

7.24 –7.07 –1.68 –25.61 13.95 –22.40 –11.66/–6.30

N1—H1···S1, x – 1/2, –y, z – 1/2

4.29 –17.31 –3.31 –60.91 49.97 –42.92 –17.01/–12.10

C2—F1···Cg(1), –1/2 + x, –y, 1/2 + z 

6.02 –10.82 –1.12 –45.72 32.09 –32.26 –13.93/–6.50

C5—F4···Cg(1), 1/2 + x, –y, 1/2 + z

4.29 –17.31 –3.31 –60.91 49.97 –42.92 –17.01/–12.10
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Abstract: The presented paper deals with the selection of most efficient extraction method for obtaining 
biologically active compounds (mainly antioxidants) from the black chokeberry (Aronia melanocarpa) fruits. 
Two conventional methods (maceration and Soxhlet extraction) as well as a more recent accelerated solvent 
extraction (ASE) were employed. The extracts were evaluated by means of their overall yield, antioxidant 
activity (TEAC assay), total phenolic content (TPC), ascorbic acid (AA), and malic acid (MA) content. Both 
Soxhlet extraction and ASE led to the highest overall yields (42 %) of the extract; however, in terms of TEAC 
and TPC, the extracts obtained by ASE were usually superior. The highest TEAC value (227.7 mg TE/g) 
as well as the highest TPC (67.9 mg GAE/g) were obtained by ASE using 40 % (v/v) ethanol at 140 °C after 
30 min. The ASE method was further analyzed using a 23-factorial design where the effect of temperature 
(40—140 °C), extraction time (5—30 min), and solvent composition (40—96 % ethanol) was investigated. While 
temperature and solvent composition significantly affected the extract properties, the effect of extraction 
time was small or even insignificant. The regression model obtained from ANOVA was further used for 
multiresponse optimization of ASE conditions using the global desirability function as a criterion for overall 
extract quality.

Keywords: Accelerated solvent extraction, antioxidant activity, desirability function, factorial design

Introduction

Genus Aronia consists of three distinct species, 
namely Aronia melanocarpa (black chokeberry), 
Aronia arbutifolia (red chokeberry), and their 
potential hybrid Aronia prunifolia (purple choke-
berry) (Jurendić and Ščetar, 2021). Owing to their 
astringency, black chokeberry fruits are rarely 
consumed in their raw form; however, there is a 
substantial market for juices, purées, jams, syrups, 
and various food supplements derived from black 
chokeberry fruits (Jia et al., 2022; Çelik et al., 
2022). In fact, the astringent nature of these fruits 
is mainly caused by exceptionally high amounts of 
polyphenols (Sidor et al., 2019), which are consid-
ered beneficial for human health (Cory et al., 2018). 
Polyphenols are secondary metabolites found 
abundantly in certain parts of plants, especially in 
fruits, seeds, and leaves (Szwajkowska-Michałek et 
al., 2020; Dufour et al., 2018; Gao et al., 2019; Wu 
and Zhou, 2021; Swallah et al., 2020; Bae et al., 
2022). In general, polyphenols can be divided into 
three classes: phenolic acids, flavonoids, and non-
flavonoids (Rudrapal et al., 2022). Oszmiański and 

Wojdylo (2005) identified procyanidins, oligo-
meric and polymeric catechins/epicatechins as the 
major classes of polyphenolic compounds present 
in chokeberries. Even though chokeberries are 
usually associated with high amount of polyphe-
nols, like chlorogenic acid, neochlorogenic acid, 
and anthocyanins, they are also moderately rich in 
other beneficial plant-derived compounds, such as 
ascorbic acid, β-carotene, and dietary fiber (about 
55 g/kg, (Chiorean et al., 2022)).
Notwithstanding the benefits of consuming na-
tive food (Aguilera and Toledo, 2022), there is a 
growing demand for various food supplements 
in which beneficial compounds are present in 
significantly higher concentrations or have better 
organoleptic properties. Extraction is frequently 
employed in the manufacturing of such supple-
ments. However, conventional extraction tech-
niques such as maceration and solvent extraction at 
room temperature are rather time consuming and 
require large amounts of solvents whose removal 
(or recovery) is an energy-demanding process. 
Moreover, these techniques may not yield extracts 
of the desired quality and/or quantity. Recently, 



93

more efficient and “green” methods of extraction 
have been employed at industrial scale (Chemat et 
al., 2012). Among said methods, accelerated solvent 
extraction (ASE) is especially valued for relatively 
simple implementation and ease of full automation 
(Repajić et al., 2020). In ASE, extraction is carried 
out using a liquid solvent which can be heated 
above its normal boiling point as the process takes 
place in a closed system at elevated pressure. The 
elevated temperature employed in ASE improves 
both the kinetics and the equilibrium of extraction 
by increasing the diffusion rate and solubility of 
analytes while decreasing the solvent viscosity and 
surface tension (Alhallaf et al., 2022; Khanyile et 
al., 2022; Efthymiopoulos et al., 2019). Moreover, 
high pressure improves penetration of the solvent 
into porous matrices (Efthymiopoulos et al., 2019) 
thus improving the overall contact surface area. 
Apart from the operation at high pressures, the 
closed system also makes ASE suitable for extrac-
tion of oxygen-sensitive compounds (Liang et al., 
2022).
This work deals with qualitative and quantitative 
comparison of extracts from Aronia melanocarpa 
fruits obtained by various extraction techniques. 
The results of ASE were compared with those of 
conventional methods, maceration and Soxhlet 
extraction. Since the performance of ASE 
depends on various parameters (solvent used, 
extraction time, temperature, pressure), a 2k 
factorial design was employed and the effects of 
solvent, extraction time and temperature on five 
chosen extract properties were assessed. Finally, 
the extraction parameters were optimized with 
respect to various extract properties using the 
response surface methodology with the global 
desirability function.

Material and Methods

Plant material and chemicals
Chemicals used in the study were of analytical 
grade and were purchased from local and interna-
tional vendors and used without further purifica-
tion. Food grade ethanol (96 % v/v, Centralchem, 
Slovakia) and its mixtures with deionized water in 
various proportions (80, 60, 40 % v/v) was used as 
extraction solvent.
Fresh Aronia melanocarpa fruits originating from 
Ekofarma Aronia in Central Slovakia were ground 
by blender ETA 1-012 (ETA a.s., Slovakia) and dried 
in a thin layer at 60 °C for 24 hours. Dry biomass 
was further pulverized and extracted by means of 
maceration, Soxhlet extraction, or ASE. Between 
the various stages of handling, the plant material 
was stored in a freezer at –20 °C.

Extraction procedures
ASE was carried out using accelerated solvent 
extractor Dionex ASE 350 (Thermo Scientific, 
MO, USA) with 5 g of pulverized biomass. The 
2k factorial design was performed using 96 % and 
40 % (v/v) ethanol for 5 min and 30 min at 40 °C 
and 140 °C. Center point conditions were: 17,5 min, 
90 °C, and 68 % (v/v) ethanol. In all ASE runs, the 
pressure was maintained at 10.3 MPa.
Maceration was done at 22 °C for 2 hours using etha
nol—water mixtures (40 %, 60 %, 80 %, and 96 %, 
v/v) and the biomass to solvent ratio of 1:10 (w/w) 
with 5 g of pulverized biomass. During maceration, 
the mixture was stirred in a laboratory stirrer.
Soxhlet extraction was carried out for 2 hours using 
Soxtherm apparatus (Gerhardt, Bonn, Germany) 
with an extraction thimble filled with 5 g of pul-
verized biomass. The biomass to solvent ratio was 
the same as in case of maceration; extraction tem-
perature (78—83 °C) was determined by the boiling 
point of the solvent (ethanol 40—96 % v/v). 
Finally, the extracts were dried in a rotary evapora-
tor Heidolph Hei-VAP Precision, (Heidolph instru-
ments, Germany) under reduced pressure at 40 °C 
until a gum-like semisolid matter was obtained. 
Dried extracts were used for all subsequent analy-
ses.

Antioxidant activity
Trolox equivalent antioxidant capacity (TEAC) as-
say was carried out using a stock solution of DPPH 
(350 μmol·L–1 in ethanol) and extract samples 
dissolved in ethanol (0.1 g·L–1); the Trolox cali-
bration curve was measured in the concentration 
range of 5—75 μmol·L−1. The spectroscopic assay 
was performed using a microplate reader BioTeK 
EPOCH 2 (Germany) where an extract sample of 
200 μL was mixed with 75 μL of DPPH solution. 
Absorbance was measured every 10 min over a 
1-hour interval at λ = 517 nm.

Total phenolic content
Total phenolic content (TPC) was determined in 
extract samples dissolved in water (10 g·L–1) and 
homogenized in an ultrasound bath; gallic acid in 
the mass concentration range of 0.001—0.9 g·L–1 
was used for the calibration curve construction. 
The assay was carried out using a 100 μL sample 
of extract mixed with 500 μL of Folin-Ciocalteu 
reagent. After 3 min, the mixture was alkalized 
with 1.5 mL of sodium carbonate (20 % solution), 
filled up with water to 10 mL and left in dark for 
2 hours. Subsequently, absorbance of the mixture 
was measured at the wavelength of 765 nm using 
a microplate reader BioTeK EPOCH 2 (Germa-
ny).

Medveďová K et al., Extraction of biologically active compounds from Aronia melanocarpa…
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HPLC analysis of organic acids
HPLC analysis was conducted using 1260 Infinity 
II LC System (Agilent Technologies, USA) with a 
diode array detector (190—950 nm). The extracts 
were diluted in water (1 g·L–1); solutions of ascorbic 
acid, malic acid, and fumaric acid were prepared 
in 0.001—1 g·L−1 mass concentration range for cali-
bration. Mobile phase was 0.020 mol·L–1 solution 
of potassium dihydrogen phosphate buffered with 
phosphoric acid to pH = 2.4; HALO AQ-C18 col-
umn was used as the stationary phase. Analysis con-
ditions were as follows: flow rate of 0.6 mL·min–1, 
sample volume of 20 μL, pump pressure of 307 bar.

Statistical analyses
All quantitative analyses were performed in dupli-
cates; the mean values with standard deviation are 
presented if not stated otherwise. ANOVA was per-
formed using Minitab 17 (Minitab Inc., PA, USA); 
optimization of the response surface was done us-
ing Design-Expert 13 (Stat-Ease, MN, USA). Data 
plots were created in OriginPro 8.1 (OriginLab, 
MA, USA).

Results and discussion

Maceration and Soxhlet extraction
Maceration and Soxhlet extraction are considered 
“classical” methods for extraction of valuable 
components from biomass. Maceration is especially 
suitable for thermally sensitive compounds; how-
ever, despite the process being usually performed 
for several days, it may provide low yields. Table 1 
lists the overall yields from both maceration and 
Soxhlet extraction.
In case of maceration, the highest overall yields 
were obtained using 40 % and 60 % ethanol; higher 
ethanol fractions led to only slightly lower yields. 
Almost identical trend with respect to solvent com-

position (r = 0.96, P < 0.05) was observed for the 
Soxhlet method, however, it led to yields approxi-
mately twofold higher (up to 42.2 %), most probably 
due to extraction at the boiling point. It is generally 
recognized that elevated temperatures contribute 
to extraction efficiency more prominently than 
prolonged extraction time (Hidalgo and Almajano, 
2017).
Regarding the antioxidant activity, both conven-
tional methods led to comparable results except for 
maceration with 96 % ethanol, which gave inferior 
product in almost all analyzed properties. Except 
for this solvent, the TEAC values fell into a narrow 
range from 158 to 185 mg TE per gram of dry 
extract. A direct comparison of these results with 
published ones is difficult not only because of dif-
ferences in the extraction conditions but also due 
to the changes in antioxidants content during the 
ripening of chokeberry fruits (Ünal et al., 2023). 
Since phenols are probably responsible for a major 
part of antioxidant activity of chokeberry extracts, 
it is not surprising that TEAC and TPC values are 
highly correlated for both methods (r = 0.96—0.97, 
P < 0.05). Similarly, the AA and MA content did not 
vary much with the extraction method employed or 
with extraction conditions. The AA content in ex-
tracts was remarkably low (mostly bellow 6 mg/g); 
however, the Aronia melanocarpa fruits are reported 
as a rather poor source of dietary AA with only 
0.13 mg AA per gram of fresh fruit (Benvenuti et 
al., 2004). It is interesting to note that while macera-
tion led to significantly lower yields, all qualitative 
parameters of the extracts were similar if not better 
compared to Soxhlet extraction. However, with 
respect to the starting weight of the fruit biomass, 
the Soxhlet method led to approximately twofold 
increase in the total amount of extractives.
Results summarized in Table 1 show that a binary 
solvent system containing aqueous mixtures of or-

Tab. 1.	 Yield and other extract parameters obtained by conventional methods (extraction time 120 min).

Temperature 
(°C)

Solvent 
(EtOH %, v/v)

Yielda 

(%)
TEACb 

(mg TE/g)
TPCc 

(mg GAE/g)
AA 

(mg/g)
MA 

(mg/g)

M
ac

er
at

io
n 22 96 14.9 86.3 ±0.5 38.2 ±0.9 5.66 ±0.05 32.5 ±0.2

22 80 16.3 178.3 ±0.1 56.6 ±0.4 5.91 ±0.07 40.2 ±1.1

22 60 18.0 184.5 ±0.3 57.8 ±0.8 5.97 ±0.02 40.8 ±0.2

22 40 17.9 157.8 ±0.9 47.6 ±0.4 6.09 ±0.04 32.2 ±0.4

So
xh

le
t 

ex
tr

ac
ti

on

78 96 22.7 137.1 ±2.0 46.4 ±1.4 5.33 ±0.03 30.1 ±0.2

79 80 36.9 167.8 ±3.8 60.9 ±2.7 5.47 ±0.02 32.2 ±0.2

81 60 42.2 166.7 ±0.6 60.1 ±1.4 5.51 ±0.01 33.1 ±0.1

83 40 42.0 158.7 ±0.2 59.6 ±0.4 5.58 ±0.01 28.8 ±0.2

aoverall yield of dried extract with respect to the starting biomass (determined from extract mass) 
btrolox equivalent antioxidant capacity in mg of Trolox equivalents per gram of dry extract 
ctotal phenolic content in mg of gallic acid equivalents (GAE) per g of dry extract
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ganic solvents is more effective than a single-com-
ponent solvent system (ethanol) in the extraction of 
phenolic compounds. While ethanol is responsible 
for disrupting the bond between the solutes and 
the plant matrix, water plays an important role in 
matrix swelling thus improving the mass transport 
of extractives between the phases.

Comparison of ASE with conventional methods
Due to the influence of multiple factors (solvent, time, 
temperature) and monitoring of several parameters 
of the resulting extracts, the comparison of ASE with 
conventional extraction methods is not straightfor-
ward and unambiguous. Thus, the performance of 
ASE was investigated using a 23-factorial design in 
a wide range of conditions; the investigated factors 
and their levels are listed in Table 2. For the sake 
of simple graphical comparison with conventional 
methods, the results of ASE performed at 140 °C for 
30 min (for TPC and TEAC) and at 40 °C for 30 min 
(for AA and MA) were chosen. Figure 1 compares all 

three methods with respect to TEAC, TPC, AA and 
MA content. In all cases, the ASE method provided 
better extract quality while the overall yield (see 
Table 3), after 30 min at 140 °C using 96 % and 40 % 
ethanol, ranged between 23  % and 42  %, respec-
tively. As it is further discussed in section ANOVA of 
ASE performance, extract of similar yield and quality 
can be obtained even after 5 min of ASE which cor-
responds to a significant improvement compared to 
conventional methods.

Fig. 1. Antioxidant activity (a), total phenolic content (b), malic acid content (c), 
and ascorbic acid content (d) of extracts obtained using various extraction methods 

and solvent composition (ND — value not determined).

	 a)	 b)

	 c)	 d)

Tab. 2.	 Values and labelling of factors employed in 
23-factorial design of ASE.

Label Factor
Coded levels

–1 +1

A Temperature (°C) 40 140

B Time (min)   5   30

C
Solvent composition 

(% EtOH, v/v)
40   96

Medveďová K et al., Extraction of biologically active compounds from Aronia melanocarpa…
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ANOVA of ASE performance
Additional ASE experiments in a 23-factorial design 
arrangement were conducted to assess the effect of 
solvent composition, extraction time, and tempera-
ture on the overall yield of the extract, amount of 
malic acid (MA), ascorbic acid (AA), and phenolic 
compounds (TPC) in the extract from Aronia melano-
carpa L., and its antioxidant activity (TEAC). Mar-
ginal levels employed for each factor are given in 
Table 2; extraction pressure was kept at 10.3 MPa in 
all runs. The analysis was performed with respect to 
main effects and all possible pairwise interactions; 
regression model for each response was:

	 i i i ij i j
i i j

y x x xb b
<

= +å å 	 (1)

In addition to 23 corner points a center point with 
five repetitions was included to assess repeatability 
of the results and to check for curvature of the re-
sponse surface. High P values corresponding to the 
quadratic curvature for all responses (see Table 4) 
suggest that first-order model with pairwise interac-
tion terms is adequate. 
As it can be seen from Table 4, all three factors af-
fect the overall yield of the extract with statistical 

significance (P ≤ 0.001). Among the factors, the 
positive main effect of temperature and negative 
main effect of ethanol content in the solvent domi-
nate over a surprisingly small effect of extraction 
time. As a matter of fact, in all responses (overall 
yield, TEAC, TPC, AA, and MA) the extraction 
time is the weakest factor and even fails to attain sig-
nificance in case of AA and MA content. Similarly, 
the interaction terms involving time (AB and BC) 
are mostly insignificant or borderline significant, 
which indicates that relatively rapid extraction 
equilibrium is achieved during ASE regardless 
of the temperature and solvent used. In terms of 
overall yield, TEAC, and TPC, the best results were 
obtained using 40  % ethanol at 140 °C. On the 
other hand, AA and MA content was maximized at 
40 °C (with only a negligible effect of time). This 
can be explained by increased solubility of phenolic 
compounds, as well as structure breakdown fol-
lowing their release from macromolecules due to 
higher temperature. Chokeberry is a rich source 
of polyphenols with antioxidant properties which 
also explains the increase of TEAC with higher 
temperature. In case of organic acids, thermal 
degradation could be the reason of their decrease 

Tab. 3.	 Yield and other extract parameters obtained by ASE.

Run #
Coded levels Yield 

(%)
TEAC 

(mg TE/g)
TPC 

(mg GAE/g)
AA 

(mg/g)
MA 

(mg/g)A B C

1 −1 −1 −1 25.8 125.9 ±0.3 51.7 ±1.6 6.52 ±0.01 42.4 ±0.3

2 +1 −1 −1 37.1 219.7 ±1.4 66.7 ±1.1 6.12 ±0.01 36.4 ±0.1

3 −1 +1 −1 26.9 149.6 ±2.0 53.7 ±0.9 6.76 ±0.03 40.4 ±0.2

4 +1 +1 −1 41.9 227.7 ±1.2 67.9 ±0.5 5.93 ±0.01 31.7 ±0.3

5 −1 −1 +1 17.3   83.5 ±0.9 31.8 ±0.7 6.19 ±0.09 36.5 ±0.2

6 +1 −1 +1 22.1 128.7 ±0.3 48.8 ±0.4 5.28 ±0.01 30.6 ±0.4

7 −1 +1 +1 18.1   91.7 ±0.8 38.8 ±1.5 6.26 ±0.08 41.4 ±0.3

8 +1 +1 +1 23.7 140.7 ±7.0 53.8 ±1.1 5.09 ±0.10   7.0 ±0.2

Tab. 4.	 Regression coefficients and P values from ANOVA of 23-factorial design.

Yield (%) TEAC (mg TE/g) TPC (mg GAE/g) AA (mg/g) MA (mg/g)

Coeff. P Coeff. P Coeff. P Coeff. P Coeff. P

Constant 26.62 < 0.0005 145.6 < 0.0005 51.66 < 0.0005   6.01 < 0.0005 33.27 < 0.0005

A 4.60 < 0.0005 33.26 < 0.0005 7.63 < 0.0005 –0.41 < 0.0005 –6.87    0.002

B 1.02    0.001 6.49    0.001 1.92 < 0.0005   –0.009    0.40 –3.17    0.052

C –6.30 < 0.0005 –34.78 < 0.0005 –8.35 < 0.0005 –0.31 < 0.0005 –4.42    0.015

AB 0.57    0.012 –1.50    0.2 –0.34    0.009   –0.084 < 0.0005 –3.89    0.025

AC –1.99 < 0.0005 –9.72 < 0.001 0.36    0.007 –0.11 < 0.0005 –3.19    0.051

BC –0.43    0.036 –1.42    0.2 1.09 < 0.0005   –0.021    0.09 –1.49    0.30

Curvature —    0.95     —    0.62     —    1.00 —    0.60      —    1.00

R2 0.9954 0.9947 0.9993 0.9957 0.8193
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after exposition to high temperature, especially 
for AA, which is known to have very poor thermal 
stability (Dönmez and Kadakal, 2023; Tomsone et 
al., 2020). Such co-occurrence of high yield, TEAC, 
and TPC on one side and high AA and MA content 
on the other can also be seen from pairwise cor-
relations among these variables: yield, TEAC, and 
TPC all exhibit strong positive correlation among 
themselves (P < 0.001); the same applies to the AA 
and MA content (r = 0.849, P < 0.001). Thus, high 
yield is a good predictor of both high TEAC and 
high TPC values (and vice versa).
In general, the AA content exhibited the smallest 
variability among the evaluated properties of the 
extracts. Based on the thermolabile nature of AA, 
a detrimental effect of extraction at 140 °C on its 
content is not surprising; however, the effect is 
quite small (6.5 vs. 6.1 mg/g of AA after 5 min at 
40 °C and 140 °C, respectively). Moreover, contrary 
to expectation, the effect of elevated temperature 
is essentially independent from extraction time 
(6.1 vs. 5.9 mg/g of AA after 5 and 30 min using 
40 % ethanol, respectively).

Optimization of ASE performance with desirability 
function
Finding optimum conditions for the extraction of a 
complex matrix such as Aronia melanocarpa fruits is 
a typical problem of multiple responses: certain set 
of conditions may lead to optimization of TEAC or 
TPC while the content of AA and MA is maximized 
at a different set of conditions. Thus, a trade-off 
between different desired properties of the extract 
is usually sought by maximizing appropriately 
defined global desirability function. In this case, all 
responses (yield, TEAC, TPC, AA, and MA) can be 
considered desirable and the corresponding partial 
desirability functions di can be written as
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i

i i

y y
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y y

-
=

-
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where yi is the particular value of the i-th response 
and ymin and ymax are the extreme values found dur-
ing factorial design. Global desirability function is 
usually expressed as a weighed product of partial 
desirability functions:
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where wi is the weighing coefficient associated 
with the importance of the i-th response variable. 
It should be noted that, in this case, the choice of 
weights is rather arbitrary as there is no quantitative 
measure of “beneficial” effect of extract proper-
ties and the weights ultimately may determine 
the optimum solution. In this study, the overall 

yield (w  = 4) was prioritized over both TEAC and 
TPC (w = 2) as both parameters are expressed per 
gram of extract and such weighing maximizes the 
absolute amount of desired extractives with respect 
to the starting biomass. Concentration of ascorbic 
acid, which is more abundant in other dietary 
sources, was optimized with w = 1; concentration of 
malic acid was omitted from global desirability as 
its beneficial properties are not conclusive. Apart 
from the extract properties, the global desirability 
function also included partial desirability functions 
for extraction time and temperature:
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so that short extraction times and low extraction 
temperatures are favored. Optimization (maximiza-
tion of D function) was done using Design-Expert 
13 (Stat-Ease, Minneapolis, MN, USA) software; re-
sults (in uncoded values) are summarized in Table 
5. Since the overall yield was given the highest 
weight in the global desirability, the location of op-
timum is quite close to the highest yield (see Table 
3); however, inclusion of time and temperature into 
the optimization procedure led to a much more 
economic set of conditions (119 °C and 6 min).

Tab. 5.	 Factors maximizing the global desirability 
function and the corresponding responses.

Factor/response Value di

Temperature (°C)  119.1 0.210

Time (min)      6.3 0.948

Solvent composition (% EtOH, v/v) 40 —

Yield (%)    35.2 0.727

TEAC (mg TE/g)  199.0 0.801

TPC (mg GAE/g)    63.7 0.883

AA (mg/g)      6.2 0.655

MA (mg/g)    39.1 —

Conclusions

Compared to maceration and Soxhlet extraction, 
the ASE method has proven to be more efficient 
for extracting the valuable compounds from Aronia 
melanocarpa fruits. The results of ANOVA show that 
temperature, extraction time, and ethanol content 
significantly affect the overall yield, antioxidant ac-
tivity and total phenolic content of extracts. While 
elevated extraction temperatures have positive ef-
fect on all the aforementioned extract parameters, 
the content of ascorbic acid and malic acid show an 
opposite trend. Despite meeting the significance 
criteria, the effect of time is surprisingly small, and 
5 min of ASE can provide extracts of similar quan-
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tity and quality as do conventional methods after 
120 min. Solvent composition (ethanol percentage) 
was shown as the most important factor affecting 
the extract yield and properties regardless of the 
extraction method; the best results were obtained 
using water—ethanol mixtures containing 40—60 % 
(v/v) of ethanol. In addition to the results of facto-
rial design, a different set of optimum conditions 
for ASE was obtained by optimizing the global de-
sirability function with a goal to maximize extract 
yield and quality while considering the process 
economy. Tailoring plant extracts using the desir-
ability function can be valuable especially when 
various properties of the extract lead to contradic-
tory sets of optimum conditions.
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Abstract: Milk and dairy products are the most consumed foods in human diet and their safety is in the 
attention centre of control authorities. Aflatoxin M1 (AFM1) is a dangerous toxin that can occur in milk and 
dairy products as a metabolite formed from aflatoxin B1 contained in contaminated animal feed. Therefore, 
the aim of this study was to develop and validate a reliable method for the determination of AFM1 content 
in milk and dairy products based on HPLC with fluorescence detection employing immunoaffinity columns 
(IAC) pre-treatment. Optimal chromatographic separation of AFM1 was achieved using a water/acetonitrile 
mixture (80/20, v/v) as a mobile phase, column with C18 stationary phase maintained at 25 °C, and fluorescence 
detection at excitation wavelengths of 360 nm and emission of 440 nm. Efficacy of AFM1 extraction from the 
samples was found to be influenced by the elution agent composition. The best results were obtained using 
1.25 mL of acetonitrile/methanol (3/2, v/v) and 1.25 mL of water. Validation parameters of the proposed 
method met the criteria set by the European legislation with the limits of detection and quantification at 
0.002 and 0.007 µg/kg, respectively. Also, suitability of the method was confirmed by its application for AFM1 
determination in certified reference material. Finally, the method was applied for AFM1 determination in 25 
milk and dairy products collected in Slovakia; the AFM1 content was below the limit of quantification. It was 
concluded that the method is suitable for AFM1 content monitoring in milk and dairy products.

Keywords:	 aflatoxin M1, HPLC, immunoaffinity chromatography, milk, dairy products, validation, optimisa-
tion, food safety 

Introduction

Aflatoxins are low molecular weight secondary 
metabolites mainly generated by fungal species of 
Aspergillus flavus, Aspergillus parasiticus, or Aspergillus 
nominus. These fungi produce more than 20 toxic 
metabolites, however, in terms of food safety, the 
most relevant are aflatoxin B1 and B2 (AFB1, AFB2), 
aflatoxin G1 and G2 (AFG1, AFG2), and aflatoxin M1 
(AFM1) (Buzás et al., 2023). Aflatoxins were discov-
ered in England in 1960, when a severe outbreak of 
turkey ‘X’ disease resulted in the death of more than 
100,000 turkeys (Bellio et al., 2016; Pickova et al., 
2021). Aflatoxins are chemical substances without 
any smell or taste, they are fluorescent in ultraviolet 
light and withstand temperatures above 320 °C 
without decomposing (Maggira et al., 2021). 
According to the US Food and Drug Administration 
(FDA), AFB1 is one of the most dangerous unavoid-
able food contaminants with serious adverse effects 
such as acute illness and death, liver cancer, nutri-
tional interference, or immunologic suppression. 
AFM1 is metabolised in liver from AFB1 after the 
consumption of contaminated food/feed and then 
excreted into milk of lactating animals (Murphy et 
al., 2006; Šimko and Kolarič, 2022). Aflatoxins have 
been classified into group 1 (human carcinogens) by 

the International Agency for Research on Cancer 
(IARC) (Silva et al., 2023). Therefore, some coun-
tries have limited the maximum acceptable limits for 
AFM1 in milk: 0.5 µg/kg in the USA and 0.05 µg/kg 
in the EU for adult food and 0.025 µg/kg for infant 
food (Šimko and Kolarič, 2022). 
According to Pickova et al. (2021) approximately 
4.5 billion people have been chronically exposed to 
aflatoxins through contaminated food. The latest 
risk assessment of aflatoxins in food published by the 
European Food and Safety Authority (EFSA) panel 
(EFSA CONTAM Panel, 2020) revealed that grains 
and grain-based products make the largest contri-
bution to AFB1 exposure, while liquid milk and 
fermented milk products are the main contributors 
to the mean exposure of AFM1. In milk, AFM1 binds 
strongly to casein, and higher levels of AFM1 can be 
expected in dairy products high in protein, such as 
cheese. Furthermore, traditional milk manufactur-
ing processes, such as pasteurisation or sterilisation, 
do not destroy its molecule (Silva et al., 2023). The 
contamination with aflatoxins occurs mainly after 
harvesting and during inappropriate management 
of transport and storage, e.g., at high humidity 
(>65 %) and temperature (Azam et al., 2021). In the 
past, aflatoxin outbreaks were mainly the problem of 
tropical and subtropical areas. Until 2004, aflatoxin 
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contamination in the EU was confined only in im-
ported foods. However, in the last 15 years, several 
hot and dry seasons have led to severe infections with 
Aspergillus flavus in maize in several countries in Eu-
rope, including Italy, Romania, Serbia, and Spain. 
Regarding the recent climate change problems, in 
the +2 °C scenario, increased probability in aflatoxin 
risk in many areas throughout Europe is expected 
(Moretti et al., 2019). 
Thus, a wide range of analytical methods have been 
developed for aflatoxins analysis, with the most 
applied methods being liquid chromatography 
(LC) combined with fluorescence detection (FLD) 
or mass spectrometry (MS); for the determina-
tion of AFM1 content, the most common methods 
include enzyme-linked immunosorbent assays 
(ELISA) or LC with FLD or MS detection (EFSA 
CONTAM Panel, 2020). In general, chromato-
graphic methods are mainly used to confirm the 
results obtained from rapid screening tests or for 
precise quantitative determination of aflatoxins 
content. Immunochemical methods are used for 
rapid screening of aflatoxins in various sample 
matrices (Bellio et al., 2016). High-performance 
liquid chromatography (HPLC) with FLD detec-
tion using eventual post-column derivatisation is 
a reference method and currently the most often 
applied method for qualitative and quantitative 
determination of AFM1 content in milk (Maggira 
et al., 2021). The methodology of AFM1 analysis 
in milk has been improved by the application of 
immunoaffinity column technology (IAC), which 
provides a combination of extraction and clean-
up stages of the analysis. Previously, liquid-liquid 
extraction or solid phase extraction (SPE) followed 
by a silica gel column, or another purification step 
were used (Dragacci et al., 2001). Wang et al. (2012) 
presented a simple and inexpensive method using 
SPE for the determination of AFM1 in liquid milk 
and milk powder and achieved recoveries between 
85.4 and 96.9 %. Moreover, a comparison of SPE 
and IAC showed that both clean-up methods pro-
vided consistent results.
Therefore, considering recent observations, the 
objective of this study was to validate a rapid and 
reliable method for quantitative determination 
of AFM1 content in milk and dairy products 
purchased in the Slovak market using HPLC-FLD 
detection with IAC sample clean-up extraction. 
During the study, optimal IAC and HPLC condi-
tions were developed and tested employing the 
analysis of a certified reference material. Finally, 
obtained results were compared with the rapid 
screening method MilkSafeTM AflaM1 applied in 
the screening of AFM1 in raw milk in a Slovak 
dairy company (RAJO s.r.o.).

Material and Methods

Samples and Chemicals 
For the determination of AFM1 content, 25 milk 
samples were tested: 11 samples of raw milk were 
obtained from RAJO s.r.o. (Bratislava, Slovakia), 
and were collected from five different farms in Slo-
vakia (Bukovec, Búč, Sevita, Prašník, and Uherec) 
during April 2023. Moreover, other four samples 
of raw milk were purchased from local markets 
during the summer of 2022. Then, ten samples of 
milk and dairy products from local markets were 
examined (UHT homogenised milk with the fat 
content of 0.5  %, 1.5  %, and 3.5 %; milk drink 
“Actimel”; Greek yogurt; milk drink “Brejky”; mini 
creamers; milk dessert “Pribináček”; cooking cream 
with the fat content of 10 %; curd cheese with the 
fat content of 0.5 %). Certified reference material 
(ERM-BD284, whole milk powder) was obtained 
from the European Commission Joint Research 
Centre (Belgium). AFM1 analytical standard solu-
tion in acetonitrile (0.5 µg/mL) with the purity of 
≥ 99,9 % was obtained from Sigma-Aldrich (USA). 
Acetonitrile and methanol were of HPLC grade 
and were purchased from Fisher Chemical (UK) 
and Lab-Scan Analytical Sciences (Poland).

Optimisation of HPLC conditions
First, HPLC conditions were tested using AFM1 so-
lution in water/acetonitrile mixture (80/20, v/v) 
with the concentration of 0.5 µg/kg. The HPLC 
system (Agilent Technologies 1260 Infinity system, 
Santa Clara, CA, USA) was equipped with a vacu
um degasser, quarterly pump, autosampler, and 
FLD  detector. A Zorbax Eclipse Plus C18 column 
(2.1  ×  150 mm, 5 µm particle size, Agilent, Santa 
Clara, CA, USA) with the guard column Zorbax 
SB-C18 (4.6 × 12.5 mm, 5 µm particle size, Agilent, 
Santa Clara, CA, USA) were used as the stationary 
phase. As the mobile phase, three liquids (acetoni-
trile, methanol, water) were tested in various com-
positions: 1. water/acetonitrile/methanol (67/25/8, 
v/v/v); 2. water/acetonitrile/methanol (80/15/5, 
v/v/v); 3. water/acetonitrile (50/50, v/v); 4. water/
acetonitrile (70/30, v/v); 5. water/acetonitrile 
(80/20, v/v); 6. acetonitrile/methanol (50/50, v/v); 
7. water/methanol (80/20, v/v). The separation 
was carried out in the temperature range of 
5—40 °C. Optimisation of FLD detection was made 
using various excitation wavelengths (260—360 nm) 
and emission wavelengths (400—460 nm). Injection 
volume was 50 µL. Flow rate of the mobile phase 
was set to 0.5 mL/min. The results were recorded 
using the OpenLab CDS software, ChemStation 
Edition for LC, and LC/MS systems (product ver-
sion A.01.08.108).

Kolarič L and Šimko P, Development and validation of HPLC-FLD method for aflatoxin…



101

Optimisation of IAC purification 
Extraction of AFM1 from milk matrix was performed 
using an IAC column (Vicam, AFM1) according to 
the modified procedure of Mendonça and Venân-
cio (2005) with the variables being the type of elu-
tion solvent and volume as follows: A. 1.25 mL of 
water/acetonitrile 7/3 (v/v) + 1.25 mL of deionised 
water; B. 3 mL of methanol/acetonitrile 7/3 (v/v); 
C. 2 mL of acetonitrile/methanol 3/2 + 0.5 mL of 
deionised water; D. 2 mL of acetonitrile/methanol 
3/2 + 2 mL of deionised water; E. 1.25 mL of water/
methanol 17/3 (v/v) + 1.25 mL of deionised water; 
F. 1.25 mL of acetonitrile/methanol 3/2 + 1.25 mL 
of deionised water. Optimisation measurements 
were carried out in skim milk matrix enriched with 
AFM1 standard to reach the final concentration 
of 0.1 µg/kg. Then, 50 mL of the tested sample 
were transferred to the column with a syringe and 
passed at the slow steady flow rate of 2—3 mL/min 
in vacuum manifold. The column was then washed 
twice with 10 mL of deionised water. Elution of the 
analyte was performed with different solvents and 
volumes (A—F) and collected in glass cuvettes each, 
which were vortexed and injected into HPLC.  

In-house method validation
The optimised method was validated according to 
previously published methodology (Kolarič and 
Šimko, 2020) and the Eurachem guide for The fit-
ness for purpose of analytical methods (Magnusson 
and Örnemark, 2014) using a certified reference 
material (ERM-BD284, whole milk powder). The 
milk reference sample was prepared according to 
the procedure reported by the manufacturer: 10 g 
of the sample were weighed in a beaker, 50 mL of 
pre-warmed water were added at 50 °C, and the 
mixture was mixed until a homogeneous mixture 
was obtained. The solution was cooled to 20 °C and 
quantitatively transferred to a 100 mL volumetric 
flask. The reference value of AFM1 was reported at 
0.44 µg/kg. 
Linearity was recorded using the correlation coeffi-
cient (R2) of the calibration curve calculated by FLD 
signal plotting against a known amount of AFM1 
standards at 0.003, 0.005, 0.008, 0.01, 0.015, 0.02, 
0.03, 0.05, 0.075, and 0.1 ng. The limit of detection 
(LOD) and the limit of quantification (LOQ) were 
calculated as 3 and 10 times the standard deviation 
of the blanks divided by the slope of the calibra-
tion curve, respectively. Accuracy of the method 
was studied as a recovery test in two approaches: 
1. standard addition at three concentrations (0.10, 
0.30, and 0.60 µg/kg), and 2. comparison of meas-
ured concentration with the reference one. Accu-
racy of the HPLC-FLD method was also compared 
to that of the screening method used in Rajo s.r.o. 

For that purpose, raw milk was spiked with four 
different AFM1 standard concentrations to obtain 
AFM1 concentration equal to 0.03, 0.05, 0.08 or 
0.10 µg/kg and analysed by HPLC-FLD detection 
and MilkSafeTM AflaM1 (Chr. Hansen Holding, 
Denmark). Precision of the detection was deter-
mined by comparing repeatability and intermediate 
precision. Repeatability was recorded by analysing 
four replicates of the samples on the same day, 
and intermediate precision was then evaluated on 
three different days. Precision was calculated from 
standard deviation (SD) and relative standard de-
viation (RSD). The Horwitz ratio (HorRat) was also 
calculated as the ratio of the observed RSD to the 
corresponding predicted relative standard devia-
tion calculated from the Horwitz equation, PRSDR 
(%) = 2C–0.15, where C is the concentration expressed 
as mass fraction (Horwitz and Albert, 2006). 

Determination of AFM1 content in milk 
and dairy products
The analysis of AFM1 content in 25 milk and dairy 
products was performed applying the developed 
method of HPLC-FLD and IAC extraction de-
scribed earlier in this study. All high fat samples 
were first defatted by centrifugation (Hettich 
Zentrifugen, Tuttlingen, Germany) at 1800 g for 
15 min and the upper layer was removed before the 
extraction.

Statistical analysis
Statistical evaluation was performed using Microsoft 
Excel 365 (version 2012). All results are expressed 
as mean ± standard deviation or as a percentage and 
were repeated at least twice. Data were subjected to 
a one-way analysis of variance (ANOVA) with the 
Tukey comparison test, the values were considered 
significantly different at p < 0.05.

Results and discussion

Optimisation of HPLC conditions
In general, HPLC is the most used method for 
AFM1 content determination in milk. The main 
parameters influencing the effectivity and effi-
ciency of liquid chromatography are: mobile phase 
composition, stationary phase type, or column 
particle size (Albuquerque et al., 2016). Regard-
ing the characteristics of the AFM1 molecule, the 
mobile phase is mostly polar, while the stationary 
phase is silica, alumina, or polysiloxanes with the 
most common hydrophobic octadecyl (C18) group 
(Pisoschi et al., 2023). A comparison of different 
AFM1 detection methods, showed that ELISA, 
HPLC-FLD and simultaneous use of ELISA and 
HPLC-FLD were used in 55 (76.4 %), 10 (13.9 %), 
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3 (4.2 %) and 4 (5.5 %) studies, respectively (Mas-
sahi et al., 2023). 
In this work, three types of liquids were tested as 
mobile phase components (acetonitrile, methanol, 
and water). Manetta et al. (2005) used a mobile 
phase composed of four various liquids: acetic 
acid/acetonitrile/2-propanol/water (2/10/10/78, 
v/v/v/v). However, most current methods use 
the mixtures of methanol, water, and acetonitrile 
(Vaz et al., 2020). The obtained results relating 
mobile phase composition can be seen in Fig. 1. 
The first two mobile phases were the mixtures of 
all solvents tested. It was found that the resolution 
of AFM1 cannot be properly achieved. Chavar-
ría et al. (2015) used ternary mobile phase of 
water/methanol/acetonitrile (65/25/10, v/v/v) and 
achieved satisfactory elution of AFM1 in milk, 
cheese, and sour cream samples, similarly to Bellio 
et al. (2016), who used water/methanol/acetonitrile 
(65/20/15, v/v/v). However, according to Dragacci 
et al. (2001), most participants in the collaborative 
trial used the recommended mobile phase (water/
acetonitrile 75/25 (v/v)) and only two participants 
selected a ternary mobile phase. In this study, bet-
ter resolution of AFM1 was observed using a binary 
mobile phase composed of water and acetonitrile. 
In the equimolar mixture of water and acetonitrile, 
the elution time of AFM1 was too short (1.9 min). 
The best results were obtained with the water to 
acetonitrile ratio of 70/30 and 80/20 (v/v), re-
spectively. The peaks were sufficiently shaped with 
appropriate elution time (4.6 min). Finally, it was 
noticed that the mobile phase composed of water 
and methanol (80/20, v/v) or acetonitrile and 
methanol (50/50, v/v) was not suitable for the elu-
tion of AFM1 from IAC extracts. The same suitable 
composition of the mobile phase (water/acetonitrile 
80/20 (v/v)) was used by Jakšić et al. (2021) in the 
optimisation of HPLC method for AFM1 detection 
in cheese. The ratio 75/25 (v/v) of these solvents 
was applied in the study by Masrouri et al. (2021). 
According to Shuib et al. (2017), the most common 
mobile phase used in the determination of AFM1 by 
chemical derivatisation is water/methanol/acetoni-
trile (70/20/10, v/v/v). In their study, acetonitrile 
was substituted by methanol in different ratios (wa-
ter/methanol 70/30, 65/35, 60/40, v/v). Among 
these methanolic mixtures, 65/35 (v/v) produced 
sharper peaks and improved resolution. Addition-
ally, the retention time for AFM1 was increased to 
9 min compared to 6 min with a mixture of water/
methanol/acetonitrile (70/20/10, v/v/v). Chiavaro 
et al. (2001) reported that the water/methanol mix-
ture (58/42, v/v) resulted in higher response than 
the acetonitrile/water mixture. However, in both 
studies, the AFM1 molecule was derivatised prior 

to FLD detection. According to Shephard (2009), 
binary systems of water and methanol resulted in 
broad HPLC peaks and long chromatographic 
run times, which was also confirmed in this work. 
Based on the elution strength, water/acetonitrile 
mobile phase seems to provide the highest elution 
strength. The elution strength of water/methanol 
mixture was lower thus the elution time of AFM1 
was higher. On the contrary, acetonitrile/methanol 
mixture resulted in higher elution strength than 
water/acetonitrile, thus the retention of AFM1 on 
the stationary phase was weakened and elution 
time was too low. Similarly, to the ternary mobile 
phase of water/methanol/acetonitrile, as methanol 
has lower polarity than acetonitrile, the elution 
strength of such mixtures was weakened and AFM1 
resolution was not appropriate (Ramis-Ramos et al., 
2017).
The second part of the optimisation process of 
HPLC-FLD detection of AFM1 was dedicated to 
monitoring the influence of column temperature 
and FLD wavelength on the retention time and the 
area of AFM1 peak. The results are summarised 
in Table 1. Temperature of the column statistically 
affected the area and the elution time of AFM1. 
The results for the optimal temperature of 25 °C 
and other temperatures were statistically different 
at p < 0.05. This is in accordance with the theory 
of molecular spectroscopy, when intensification of 
vibration and relaxation processes in the molecules 
at elevated temperatures compete with fluorescence, 
thus causing decreased fluorescence output, while 
at lowered temperatures, the fluorescence output 
is affected negatively by the lack of energy needed 
for excitation. In other studies, the results are 
variable, Jakšić et al. (2021) maintained the column 
temperature at 30 °C, Bellio et al. (2016) at 35 °C, 
and Shuib et al. (2017) at 40 °C. However, no study 
was found to apply temperatures below 20 °C. 
Aflatoxins are colourless to pale yellow crystals and 
they fluoresce in ultraviolet light: blue for AFB1 and 
AFB2, green for AFG1 and AFG2, and blue violet for 
AFM1 (EFSA CONTAM Panel, 2020). The presence 
of a chromophore in the molecule supports the 
detection of AFM1 through fluorescence (Iqbal et 
al., 2015). Therefore, FLD is the most widely used 
detection technique for AFM1 determination, as it 
provides detection limits at the level of ng/kg, which 
is recommended according to the Commission 
Regulation (EC) No. 401/2006 laying down the 
sampling and analysis methods for official control 
of mycotoxin levels in foodstuffs. Optimal excitation 
and emission wavelengths of 360 and 450 nm, 
respectively, are used in most methods (Pisoschi et al., 
2023), which was also confirmed in this study, where 
the highest signal of the AFM1 peak was observed 
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Fig. 1. Selected chromatograms of HPLC-FLD analysis of AFM1 standard solution (0.5 µg/kg) using 
various compositions of mobile phase: A — water/acetonitrile/methanol (67/25/8, v/v/v);  

B — water/acetonitrile/methanol (80/15/5, v/v/v); C — water/acetonitrile (50/50, v/v); D — acetoni-
trile/methanol (50/50, v/v); E — water/methanol (80/20, v/v); F — water/acetonitrile (80/20, v/v).

at the excitation and emission wavelengths of 360 
and 440 nm, respectively. Statistically significant 
differences were observed at p < 0.05 in comparison 
to the values obtained at other wavelengths.
Therefore, it can be concluded that optimal HPLC-
FLD conditions for the analytical standard AFM1 
are: 1. mobile phase — water/acetonitrile (80/20, 
v/v), 2. — stationary phase — column with C18, 
3. — column temperature –25 °C, 4. FLD setting — 
excitation at 360 nm and emission at 440 nm.

Optimisation of IAC purification 
Methods for mycotoxins extraction from milk 
include techniques such as liquid-liquid extraction 
(LLE), SPE, or LLE followed by a SPE cleaning 
step (Aguilera-Luiz et al., 2011). Commonly used 
purification procedures for the extraction of AFM1 
from milk matrix are IAC or multifunctional one-
step cleaning columns, which are very efficient and 
easy to use providing high selectivity. However, they 
are only for disposable use due to denaturation of 
antibodies during the elution step and their costs 
are high (Vaz et al., 2020). The principle of IAC is 

the immobilisation of analyte in an antibody (poly-
clonal or monoclonal) on a gel packed into a small 
plastic column. The column is initially conditioned 
with a buffer solution, mostly phosphate buffered 
saline, and the crude sample extract is applied 
slowly to the column. After the extract is loaded, 
the gel is washed and finally the analyte is eluted 
from the IAC column by breaking the antibody-
antigen bond. Liquid matrices are frequently 
defatted and/or filtrated before passing directly 
through the IAC because as extraction and purifi-
cation in an IAC proceed simultaneously. In case 
of solid matrices (e.g., cheese), solvent extraction is 
required, which is usually carried out in a blender 
or by shaking. Elution solvents need to be aqueous 
to be compatible with the IAC, so methanol/water 
and acetonitrile/water combinations are mostly ap-
plied (Şenyuva and Gilbert, 2010). 
In this work, it was found that the type of elution 
solvent significantly affects the recovery of AFM1 
from the milk matrix (Table 2). The combination 
of acetonitrile and methanol without the addition 
of water (solvent B) was not suitable for proper 
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elution of AFM1 as the peak was not separated 
and interference from other substances occurred. 
According to the Commission Regulation (EC) No. 
401/2006, the recovery of AFM1 in concentrations 
above 0.05 µg/kg should reach values between 70 
and 110 %. This value was obtained only with one 
elution solvent, 1.25 mL of acetonitrile/methanol 
(3/2, v/v) and 1.25 mL of water (solvent F). 
Moreover, it was noticed that the volume of solvents 
also played an important role. In case of solvents 
C and D, the same composition as in F was used, 
however, different volumes caused a decrease in the 
recovery to 35.2 % and 60.2 %, respectively.
Khalil et al. (2013) tested various amounts of 
acetonitrile and methanol and suggested that all 
solvents showed recovery above 70  %, but the best 
recoveries were obtained from the mixture of 
acetonitrile/methanol (3/2, v/v). The AOAC official 
method 2000.08 of AFM1 content determination in 
liquid milk uses elution with acetonitrile alone 
(4  mL) with the recovery of not less than 80  % 
(Dragacci et al., 2001). Jakšić et al. (2021) tested two 
types of IAC columns for the treatment of cheese 
matrix (AlfaStarTM M1R, Protealmmun IAC AFM1), 
and the recovery of both types reached satisfactory 
efficiency using acetonitrile as the elution agent. 
Some studies also showed the application of other 
methods. For example, Aguilera-Luiz et al. (2011) 
evaluated the efficiency of SPE or QuEChERS 

methods, finding that the latter procedure was not 
suitable for AFM1 extraction at very low levels, while 
SPE allowed the extraction without increasing the 
amount of impurities in the extract. The analytes 
were eluted with 5 mL of pure methanol. Wang et al. 
(2012) studied clean-up efficiency of OASIS HLB 
and IAC cartridges for AFM1 elution from liquid 
milk and milk powder. Optimal results of the elution 
were observed with 5 mL of methanol and 5 mL of 
acetonitrile. Using OASIS HLB, the recovery 
reached 92.6 %. Compared to IAC, impurity peaks 
were obtained using OASIS HLB, however, the 
cleaning effect was sufficient for qualitative and 
quantitative determination of AFM1.        

In-house method validation
After optimisation of the HPLC and IAC condi-
tions, the method was validated for linearity, accu-
racy, and precision using certified reference mate-
rial in milk powder form provided by the European 
Commission Joint Research Centre. The results 
are summarised in Table 3. Validation criteria for 
AFM1 content determination milk are set in the 
Commission Regulation (EC) No. 401/2006.
Linearity of the method was calculated from the 
calibration curve, the results were linear in all con-
centration ranges of 0.003 to 0.1 ng of AFM1 in the 
calibration solution, R2 was 0.99. From the calibra-
tion curve parameters (slope and intercept), LOD 

Tab. 1.	 Influence of column temperature and FLD wavelengths on retention time and area of AFM1 peak.

Column temperature 
[°C]

Average area  
[LU]a

Elution time  
[min]a

  5 325.4 ±7.2* 6.3 ±0.0*

15   333.9 ±12.0* 5.4 ±0.1*

25 426.7 ±17.3 4.6 ±0.0*

40   358.0 ±14.8* 3.8 ±0.1*

Excitation wavelength 
[nm]b

260   285.0 ±16.5* –

300   66.2 ±5.0* –

320 237.5 ±1.2* –

360 806.8 ±13.4 –

Emission wavelength 
[nm]c

400   12.2 ±1.8* –

420   305.8 ±98.9* –

440 816.3 ±0.7 –

460   700.8 ±18.2* –
aValues are expressed as mean ± standard deviation, n = 3.  
bValues are determined at emission wavelength of 440 nm. 
cValues are determined at excitation wavelength of 360 nm.  
*Values are significantly different at p < 0.05.
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and LOQ values were calculated. Regarding the 
analysis of AFM1 content in milk samples in the EU, 
it is important to reach LOQ of at least 0.05 µg/kg 
as it is the maximal acceptable level of AFM1 in 
milk according to the Commission Regulation (EC) 

No. 1881/2006. In this work, both the LOD and the 
LOQ values were significantly below this limit, 
0.002 and 0.007 µg/kg, respectively. These results 
are also similar to other studies, which used the 
HPLC-FLD method for AFM1 content determina-
tion in milk. According to EFSA CONTAM Panel 
(2020), the reported LOQs for AFM1 are typically 
between 0.0007 and 0.014 µg/kg. Similar condi-
tions for the analysis of AFM1 in raw milk were used 
by Patyal et al. (2020) and their method exhibited 
LOD and LOQ at 0.004 and 0.01 µg/kg, respec-
tively. In addition, Bellio et al. (2016) showed the 
same LOD (0.002 µg/kg) in milk purchased in 
Northern Italy. Chen et al. (2005) reached lower 
LOD for AFM1 in whole milk (0.0006 µg/kg) using 
liquid chromatography coupled with tandem mass 
spectrometry. Comparison of ELISA, HPLC-FLD 
and HPLC-MS/MS methods showed that all meth-
ods are suitable for the determination of AFM1 in 
milk samples with almost the same LOQ ranging 
from 0.004 to 0.008 µg/kg (Kos et al., 2016).
Another important parameter that describes the 
suitability of the method for the given purpose is its 
accuracy, which was monitored in two steps as AFM1 
recovery. First, AFM1 concentration obtained by the 

Tab. 2.	 Influence of elution agent composition on 
AFM1 recovery.

Agent The percentage of AFM1 recovery [%]a

A   51.4 ±8.8*

B –

C  35.2 ±2.1*

D  60.2 ±1.6*

E   11.4 ±5.6*

F 90.5 ±3.6
aValues are expressed as mean ± standard deviation, n = 2.
*Values are significant different at p < 0.05. Composition of 
agent: A — 1.25 mL of water/acetonitrile (7/3, v/v) + 1.25 mL 
of water; B — 3 mL of methanol/acetonitrile (7/3, v/v); 
C — 2 mL of methanol/acetonitrile (3/2, v/v) + 0.5 mL of wa-
ter; D — 2 mL of methanol/acetonitrile (3/2, v/v) + 2 mL of 
water; E — 1.25 mL of water/methanol (17/3, v/v) + 1.25 mL 
of water; F — 1.25 mL of methanol/acetonitrile (3/2, v/v) +  
+ 1.25 mL of water.

Tab. 3. Validation parameters of proposed HPLC-FLD method for AFM1 determination in milk.

Method linearity

Slope 16925

Intercept 0.3132

Correlation coefficient (R2) 0.99

LOD [µg/kg] 0.002

LOQ [µg/kg] 0.007

Method recoverya

Certified reference material
Reference value 

[µg/kg]

Determined value 

[µg/kg]

Recovery 

[%]

ERM-BD 284 0.44 ±0.06 0.38 ±0.01 87.3 ±0.6

Spiked milk sample 
[µg/kg]

Determined value 

[µg/kg]

Recovery 

[%]

0 > LOQ –

0.10 0.10 ±0.01 103.7 ±9.0

0.30 0.24 ±0.01   86.2 ±4.1

0.60 0.55 ±0.01   91.7 ±1.4

Method precisionb

Reference material Repeatability RSD [%]
Intermediate precision 

[RSD%]
Horrat

ERM-BD 284

Day 1 

Day 2 

Day 3

3.1 

4.7 

3.8

4.2

0.12 

0.18 

0.15

aValues are expressed as mean ± standard deviation, n = 3.  
bValues are expressed as mean ± standard deviation, n = 4. 

LOD — limit of detection; LOQ — limit of quantification. 
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analysis of certified reference material was com-
pared with the manufacturer’s data, it was shown 
to be 87.3 %. Subsequently, accuracy was evaluated 
in milk spiked with three various amounts of AFM1 
standard solution. In this case, the recoveries ranged 
from 86.2 to 103.7 %. It is notable that all values are 
acceptable according to the Commission Regulation 
(EC) No. 401/2006. Maggira et al. (2021) published 
that the HPLC-FLD method for the determination 
of AFM1 content in raw milk exhibited recoveries 
between 90—109  %. Moreover, they found that 
HPLC showed slightly better accuracy for the target 
compound than ELISA. The mean recovery of the 
HPLC method for AFM1 determination in spiked 
milk and cheese samples was found to be 90 % for 
milk and 76  % for cheese (Manetta et al., 2005). 
In Shuib et al. (2017), recovery values for milk 
and milk products ranged from 85.2 to 107.0  %. 
The proposed method was also compared with the 
screening method for AFM1 content determination 
in raw milk used by the Slovak dairy company Rajo 
s.r.o. This company applied the MilkSafeTM instru-
ment (Chr. Hansen Holding, Denmark), which is 
suitable for rapid determination of antibiotics and 
aflatoxins presence in milk. Four different spiking 
concentrations of AFM1 were tested as requested by 
the provider (CLIMAX, s.r.o., Slovakia); the results 
are shown in Fig. 2. Both methods showed excellent 
recovery value ranging from 82.9 to 103.6  % for 
HPLC and 92.3 to 103.6 % for MilkSafeTM. 
Finally, precision of the proposed method was 
examined as the RSD of values obtained in one 
day (repeatability) and on three different days 
(intermediate precision). In addition, the HorRat 
parameter was calculated. The results are shown 
in Table 3. The repeatability RSD ranged from 
3.1 to 4.7 %, while the intermediate precision RSD 
was 4.2 %. HorRat ranged from 0.12 to 0.18. Ac-
cording to official requirements, reproducibility 

of a method is approved when HorRat is below 
or equal to 2 (Horwitz and Albert, 2006; Ribeiro 
and Brandäo, 2017). Very low HorRat values 
(0.31—0.42) were also confirmed by Dragacci et al. 
(2001) in a collaborative study for the determina-
tion of AFM1 in liquid milk. Relatively the same 
values of repeatability were reported by Maggira 
et al. (2021) (RSD < 3.6 %) in the determination of 
AFM1 in raw milk using the HPLC-FLD method. 
In contrast, higher values were reported by Kos et 
al. (2016), ranging from 9.5 to 11.3 %. Manetta et 
al. (2005) published a HPLC method with postcol-
umn derivatisation and FLD detection for AFM1 
determination in milk and cheese and found the 
RSD precision ranging from 1.7 to 2.6 % for milk 
and 3.5 to 6.5 % for cheese.

Determination of AFM1 content in milk 
and dairy products
Milk and dairy products are predominant subject 
of AFM1 contamination. According to the world
wide systematic review and meta-analysis (Mollay
usefian et al., 2021), total AFM1 content in raw and 
pasteurised milk was found to be 0.06 µg/kg and 
0.09 µg/kg, respectively. Additionally, the highest 
content was found in raw buffalo milk and pas-
teurised cow milk, indicating that the pasteurisa-
tion process cannot reduce the concentration of 
aflatoxin to an acceptable level (Mollayusefian et 
al., 2021). According to recent risk assessment of 
aflatoxins in food (EFSA CONTAM Panel, 2020), 
the highest estimated mean lower bound (LB) and 
upper bound (UB) exposure to AFM1 in infants 
was up to 0.001 ng/kg and 0.002 µg/kg bw per day, 
respectively. The main contributors to overall AFM1 
mean exposure are liquid milk and fermented milk 
products throughout all age groups. In Hriciková 
et al. (2023), positive findings for AFM1 in milk in 
Slovakia were presented (32 samples were tested 

Fig. 2. Comparison of AFM1 recovery using our proposed HPLC-FLD method and MilkSafeTM AFM1 
screening method applied in RAJO s.r.o. 
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positive and 8 negative). In this study, 15 raw milk 
samples collected in Slovakia were tested for AFM1 
concentration. The AFM1 content was found to be 
below LOQ in all cases (Table 4). Furthermore, 
other ten dairy products were purchased randomly 
in Slovak markets and the AFM1 content was also 
found below the LOQ. In a one-year survey (Sep-
tember 2021 to November 2022) on AFM1 detection 
in raw and drinking milk in Hungary (Buzás et al., 
2023), 11.9  % of raw milk samples and 0.5  % of 
drinking milk samples contained AFM1 above the 
EU limit (0.05 µg/kg). Furthermore, the highest 
mean AFM1 level was measured during fall and 
lower in spring and summer. According to Bellio 
et al. (2016), only 0.5 % of total milk samples col-
lected in northern Italy during a three-year period 
(2012—2014) were found to be non-compliant with 
the EU regulation. Analysis of 109 samples collected 
from the Greek market (52 samples of infant/tod-
dler milk and formulas, 32 pasteurised milk, and 
25 samples of feta cheese) revealed that AFM1 was 
present in 60 % of infant/toddler formulas, 69 % of 
pasteurised milk samples, and 28 % of cheese sam-
ples; however, no sample exceeded the maximum 
tolerable limit (Malissiova et al., 2022). AFM1 levels 
in Europe are increasing due to climate changes; 
however, generally they are still lower than in other 

regions, such as African or South Asian countries. 
The lower content of AFM1 in European milk and 
dairy products could also be attributed to modern 
processing technology, especially strict regulations, 
hygiene, adoption of food safety systems, continu-
ous monitoring of aflatoxins, and advanced analyti-
cal techniques (Mollayusefian et al., 2021).       

Conclusion

In this study, the HPLC-FLD method was developed, 
optimised, and validated for the determination of 
AFM1 content in milk. First, HPLC conditions were 
tested for the analytical standard AFM1 solution, and 
the best AFM1 chromatographic separation was ob-
tained at the following conditions: 1. mobile phase 
composed of water/acetonitrile mixture (80/20, 
v/v); 2. column with stationary phase C18; 3. column 
temperature of 25  °C; and 4.  FLD wavelengths at 
excitation at 360 nm and emission at 440 nm. IAC 
extraction of AFM1 from the spiked milk sample was 
optimised for the elution agent. The best recovery 
was obtained using 1.25 mL of methanol/acetoni-
trile (3/2, v/v) + 1.25 mL of water. The method was 
validated according to the Commission Regulation 
(EC) No. 401/2006 regulations, and it was observed 
that all parameters meet the criteria set by the Regu-

Tab. 4. Determination of AFM1 content in milk samples collected in Slovakia.

Sample AFM1 content [µg/kg] Sample AFM1 content [µg/kg]

Raw milk (1) >LOQ
UHT pasteurized skimmed 

milk (fat content 0.5 %)
>LOQ

Raw milk (2) >LOQ
UHT pasteurized milk  

(fat content 1.5 %)
>LOQ

Raw milk (3) >LOQ
UHT pasteurized milk  

(fat content 3.5 %)
>LOQ

Raw milk (4) >LOQ
Curd cheese  

(fat content 0.5 %)
>LOQ

Raw milk (5) >LOQ Greek yogurt >LOQ

Raw milk (6) >LOQ Mini creamers >LOQ

Raw milk (7) >LOQ
Cooking cream  

(fat content 33 %)
>LOQ

Raw milk (8) >LOQ Milk dessert “Pribináček” >LOQ

Raw milk (9) >LOQ Milk drink “Brejky” >LOQ

Raw milk (10) >LOQ Milk drink “Actimel” >LOQ

Raw milk (11) >LOQ

Raw milk (12) >LOQ

Raw milk (13) >LOQ

Raw milk (14) >LOQ

Raw milk (15) >LOQ

n = 2; LOQ = 0.007 µg/kg. 
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lation including LOD and LOQ which were 0.002 
and 0.007 µg/kg, respectively. Precision of the pro-
posed method was confirmed with the data declared 
by the reference material provider, and significant 
similarity was found with the method used in daily 
screening of AFM1 concentration at the dairy factory. 
Finally, AFM1 was determined in 25 milk and dairy 
products collected in Slovakia; however, the concen-
tration in all samples was below LOQ.
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Abstract: Human gut microbiota has been in the centre of scientific interest for a long period of time. Overall 
health status of an individual has a great impact on the composition of gut microbiota; however, gut microbiota 
can affect human health. Antibiotic resistance genes (ARGs) are often a part of human gut microbiome. In this 
paper, total genomic DNA was extracted from stool samples of 147 healthy individuals and of 45 patients with 
severe alcoholic hepatitis. The presence of six common ARGs (blaTEM, blaSHV, blaOXA, vanA, tet(A), tet(E)) was 
analysed in the genomic DNA by end-point PCR. The results show significantly higher occurrence of ARGs in 
the DNA samples from patients (p = 0.0001) showing multiple ARGs significantly more often than in healthy 
individuals (p = 0.00003). Antibiotic treatment in patients strongly correlated with the occurrence of ARGs 
(p = 0.0038). Nutrition and sex of healthy individuals did not have significant effect on the occurrence of ARGs 
(p = 0.156; p = 0.456). ARGs’ occurrence in healthy individuals was the highest in the oldest age group, but the 
age of individuals and ARGs’ occurrence were not related (p = 0.617). In conclusion, the results underline the 
importance of health for normal functioning of gut microbiota. Antibiotic resistance represents a challenge 
in the treatment of patients with liver diseases.

Keywords: alcoholic hepatitis, antibiotic resistance, gut, microbiome, resistomer

Introduction

Gut microbiota is the set of all microorganisms 
colonising the human gastrointestinal (GI) tract. 
The set of genetic material of the gut microbiota 
is referred to as gut microbiome. Healthy gut mi-
crobiota has a health positive effect but changes 
in its composition and imbalance can also cause a 
change in health status (Doré and Corthier, 2010). 
However, pathological state can lead to changes 
in the microbiota through various mechanisms, 
such as change in eating habits, functioning of 
the intestinal tract, or the use of drugs, e.g. anti-
biotics (ATB) (Shreiner et al., 2015). Differences 
in the diversity, composition, and functionality 
of microbiota have been associated with Crohn’s 
disease, ulcerative colitis, obesity, type 2  diabetes, 
depression, and colon cancer (Falony et al., 2019). 
Imbalance in the gut microbiota is also associated 
with a number of liver diseases. There is increasing 
evidence that the pathophysiology and treatment 
of a wide range of liver diseases is strongly influ-

enced by the nature/behaviour of gut microbiota. 
Disruption of microbial and intestinal homeostasis 
is related to chronic liver diseases — non-alcoholic 
fatty liver disease (NAFLD), non-alcoholic steato-
hepatitis (NASH), and alcoholic liver disease (ALD) 
(Xie et al., 2016; Tilg et al., 2016). Severe alcoholic 
hepatitis is the most serious form of ALD (Li et al., 
2019; Hartmann et al., 2015). ALD includes several 
stages, such as fatty liver (steatosis), steatohepatitis, 
fibrosis, cirrhosis, and even liver cancer (Li et 
al., 2019). In general, alcohol abuse causes small 
intestinal bacterial overgrowth (Hartmann et al., 
2015; Vassallo et al., 2015; Kwong and Puri, 2021). 
Cirrhotic patients usually have reduced abundance 
of beneficial microorganisms, such as families Lach-
nospiraceae, Ruminococcaceae and Clostridiales Family 
XIV Incertae Sedis (Hartmann et al., 2015) while 
families Enterobacterales (and E. coli), Enterococcaceae 
(genus Enterococcus spp.), Fusobacteriaceae, Staphylo-
coccaceae (genus Staphylococcus) are often present in 
higher counts (Hartmann et al., 2015). Gut micro-
biome of patients with alcoholic hepatitis is often 



110

linked with increased abundance of families En-
terobacterales and Streptococcaceae (Bajaj, 2019), and 
genus Veilonella and Enterococcus (Lang et al., 2020). 
Genus Akkermansia, especially species Akkermansia 
muciniphila is reported in significantly lower abun-
dance in patients with alcoholic hepatitis (Lang et 
al., 2020; Bajaj, 2019). The abundance of phylum 
Bacteroidetes in cirrhotic patients or patients with 
alcoholic hepatitis is decreased while abundance of 
Actinobacteria and Proteobacteria is increased in their 
gut microbiome (Bajaj, 2019; Kwong and Puri, 
2021). Increased abundance of Candida species is 
reported in alcoholics and patients with alcoholic 
hepatitis, with species Candida albicans contributing 
the most to the alteration (Li et al., 2019; Kwong and 
Puri, 2021). Counts of Epicoccum, Galactomyces and 
Debaryomyces were also decreased in alcoholics (Li et 
al., 2019). Viruses are minor part of the gut microbi-
ome and there are few studies describing their role 
in the gut microbiome of patients with alcoholic 
hepatitis. According to Jiang et al. (2000), patients 
with alcoholic hepatitis showed significantly higher 
occurrence of viruses in their faecal microbiota in 
comparison with healthy individuals. Patients with 
alcoholic hepatitis showed higher occurrence of 
Escherichia-, Enterobacteria-, and Enterococcus phages. 
From mammalian viruses, occurrence of Parvoviri-
dae and Herpesviridae was significantly increased in 
these patients (Jiang et al., 2020).
Dysbiosis of gut microbiota caused by chronic alco-
hol abuse leads to increased levels of Proteobacteria 
and then to intestinal mucosal inflammation. More-
over, alcohol abuse causes bacterial overgrowth and 
increases gut permeability. These factors contribute 
to the transfer of bacteria from gut to portal blood 
and expose liver cells to lipopolysaccharides (LPS). 
LPS trigger immune response and cause release of 
pro-inflammatory mediators, which are responsible 
for liver damage and long term inflammation in al-
coholics and patients with different stages of ALD 
(Hartmann et al., 2015; Minemura, 2015; Vassallo 
et al., 2015). Therefore, restoring the balance in gut 
microbiota of these patients is one of the possible 
treatment approaches. Administration of probiot-
ics, prebiotics, and antibiotics, or faecal microbiota 
transplantation are commonly used in patients with 
ALD (Li et al., 2019; Bajaj, 2019).
There are differences in the intestinal micro-
biota between vegans/vegetarians and omnivores. 
Changes in its composition can be caused directly 
by the content of bacteria in the food, differences 
in the food consumed, the length of time the food 
passes through the GI tract, pH, host excretion 
dependent on the way of eating and regulation of 
the expression of the genes of host/its microbiota 
(Tomova et al., 2019).

Bacteria present in the gut microbiota can also 
be carriers of antibiotic resistance genes (ARGs) 
(Penders et al., 2013). In addition to the most 
dominant representatives of the human gut micro-
biota — phyla Bacteroidetes and Firmicutes, facultative 
anaerobic bacteria, such as family Enterobacterales or 
Enterococcaceae (about 100  times less) are a part of 
human gut microbiota. Gut microbiota can serve as 
a reservoir for opportunistic pathogens from these 
families, which can cause problems especially for 
immunocompromised individuals. ATB treatment 
can subsequently create selection pressure for the 
emergence of microbial resistance (van Schaik, 
2015).
Many representatives of Enterobacterales family 
belong to pathogenic microorganisms and are 
frequent carriers of antibiotic resistance genes. As 
beta-lactam ATBs are among the most important 
and widely used in human medicine, extended-
spectrum beta-lactamases (ESBLs) represent a 
major problem, and it is highly likely that the genes 
encoding them are part of the intestinal resistome. 
These enzymes are capable to hydrolyze broad-
spectrum beta-lactam antibiotics (oxyiminocepha-
losporins — 3rd and 4th generation, monobactams). 
They are divided into several groups according to 
the target substrate. Among the most widespread 
types are TEM, SHV and CTX-M. Another impor-
tant representative of this group is the OXA type 
(Ur Rahman et al., 2018). Genus Enterococcus is an 
important part of human and animal intestinal 
microbiota. E. faecalis and E. faecium are most com-
monly found in the human GI tract. Enterococci 
are the most serious nosocomial pathogens because 
they are naturally resistant to several ATBs and 
easily become virulent and acquire multidrug 
resistance (even to the ATBs of last choice for glyco-
peptide resistance). The emergence of vancomycin-
resistant enterococci (VRE), which cause infections 
and persistent colonisation, has major health and 
economic impacts (Ahmed and Baptiste, 2018). 
Resistance to vancomycin is caused by Enterococcus 
spp. Van operon, which can be part of a chromo-
some or a plasmid. It consists of vanS/R — response 
regulator, vanH — D-lactate dehydrogenase, vanX — 
D-Ala-D-Ala dehydrogenase and variable ligase, of 
which a total of nine have been identified — vanA, 
vanB, vanC, vanD, vanE, vanG, vanL, vanM and 
vanN. These genes encode the variable ligase that 
determines the level of vancomycin resistance (low, 
medium or high). VanA phenotype is plasmid me-
diated and causes high resistance to glycopeptides. 
The emergence of resistance occurs due to the 
substitution of the terminal peptide D-Ala-D-Ala 
on the subunits of N-acetylmuramic acid with high 
affinity to vancomycin to the sequence D-Ala-D-Lac. 
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This leads to a 1000-fold reduction in the affinity of 
the pentapeptide to vancomycin. Due to the pres-
ence of the vanZ gene on the vanA operon, strains 
expressing VanA are also teicoplanin resistant. This 
phenotype is most often found in E. faecalis and 
E. faecium and is the most widespread worldwide 
(Faron et al., 2016).
Resistance genes labeled tet and otr are classified 
as genes for acquired resistance to tetracycline and 
oxytetracycline. Currently, 38  tet and otr genes en-
coding different mechanisms of tetracycline resist-
ance are known (energy-dependent efflux pumps, 
ribosomal protection proteins, and inactivating 
enzymes). The most common mechanism of tetra
cycline resistance is efflux pump that transports 
tetracycline out of the cell; tet(A) and tet(E) genes 
are included in this group (Roberts, 2005).
ESBL-producing Enterobacterales and VRE are 
listed as serious threat in the AR Threats Report 
by Centers for Disease Control and Prevention 
in 2019  (CDC, 2019). Bacteria from family En-
terobacterales and Enterococcaceae belong to frequent 
inhabitants of the GI tract, and high occurrence of 
genes encoding resistance to beta-lactams and van-
comycin is expected. Tetracycline resistance genes 
are also frequently detected in the gut microbiome 
of humans.
The use of ATB has a significant effect on the 
formation of gut resistome. During the treatment, 
all bacteria in the human body are exposed to their 
selection pressure. The selection of antibiotic re-
sistant strains can lead to horizontal gene transfer 
between other susceptible strains in the intestinal 
tract. Meat from farm animals contaminated with 
ARGs also represents a source of ARGs in human 
gut resistome (Schjørring and Krogfelt, 2011).
The main aim of this paper was to compare and 
analyse gut resistomes of healthy individuals and 
patients with severe alcoholic hepatitis. Samples of 
total DNA extracted from stools of subjects were 
analysed with end-point PCR for the detection of 
selected ARGs and their occurrence was compared 
in healthy individuals and patients based on the 
sex, nutrition, and age of the subjects.

Materials and Methods

Characteristics of stool samples

Healthy individuals
A group of 147 healthy individuals from Bratislava, 
Slovakia, and surrounding areas were randomly in-
cluded into the study. According to diet, the group 
was divided into vegetarians and meat-eaters. Based 
on their sex, the group consisted of women and 
men. The main condition for the participation in 

the study was the subjective health of the individual 
(without cardiovascular disease, cancer, diabetes, 
kidney disease, gastrointestinal tract disease or thy-
roid disease). All the individuals were non-smokers. 
All volunteers were healthy and had not undergone 
antibiotic or other medical therapy for more than 
six months. All subjects signed informed consent. 
The main characteristics and numbers of individu-
als in each group are stated in Tab. 1 (Kudláčková 
(Krajčovičová) et al., 2012).

Tab. 1.	 Numbers and characteristics of healthy 
individuals (Kudláčková (Krajčovičová) et 
al., 2012).

Vegetarians Meat-eaters

n 79 68

Men 39 34

Women 40 34

Age span (y) 20—60 20—60

Average age (y) 40.33 40.87

The study was realised in spring (April, May) 2010. 
The samples of morning stool were immediately 
lyophilised and stored at –80 °C.

Patients with severe alcoholic hepatitis
A group of 35  patients with severe alcoholic 
hepatitis was randomly included into the study. All 
patients suffered from ALD, some in combination 
with NASH (n = 3) or hepatitis B virus (n = 1) and 
were treated at the 2nd SMU Department of Internal 
Medicine of F.D. Roosevelt General Hospital in 
Banská Bystrica (FDRH), Slovakia. One of the pa-
tients (male) suffered from clostridial colitis. A total 
number of 45 stool samples were collected from the 
patients. Thirteen patients underwent faecal mi-
crobiota transplant (FMT) as a form of treatment, 
therefore multiple stool samples before and after 
the procedure were sampled. Two of the individuals 
were donors of faecal microbiota for the procedure. 
Several patients were given non-specified antibiotic 
treatment during their hospitalisation. All patients 
were meat-eaters. The information about patients is 
provided in Table 2.

Tab. 2. Numbers and characteristics of patients.

Patients ATB treatment

n 35 20

Men 23 15

Women 12   5

Age span (y) 19—66

Average age (y) 46.83
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Collection of morning stool samples was performed 
from September 2016  to January 2020. Samples 
were stored at –80 °C.

Extraction of total genomic DNA from stool samples
DNA extraction was performed with GenElute™ 
Stool DNA Isolation Kit (Sigma Aldrich, USA). 
Maximum of 200 mg of stool were weighed and pro-
cessed according to the manufacturer’s instructions. 
Concentration of genomic DNA was evaluated with 
a Nanodrop 2000  Spectrophotometer (Thermo 
Fisher Scientific, USA). Samples of genomic DNA 
were stored at –40 °C until further analysis.

Detection of antibiotic resistance genes 
in total genomic DNA by PCR
The presence of antibiotic resistance genes in 
DNA samples was evaluated by simple or multiplex 
end-point PCR. Six common ARGs were chosen 
for the gut resistome analysis: ARGs responsible 
for extended spectrum betalactamases (ESBL) 
production in Enterobacterales (blaTEM, blaSHV, blaOXA), 
vancomycin resistance gene in genus Enterococcus 
vanA, and two tetracycline resistance genes: tet(A) 
and tet(E). Sequences of the primers are listed in 
Tab. 3.
PCR mix for simple PCR (blaTEM, vanA) of 50  µL 
total volume consisted of: PCR buffer, 1.5—2 mM 
MgCl2, 200  µM dNTP Mix, 0.5—1  µM of both 
primers, 2  µL of total DNA, variable volume of 
DNase, RNase, and protease, free water, and 2.5 U 
of Hot Start Taq DNA Polymerase (Biotechrabbit, 
Germany). PCR mix for Multiplex PCR (Multiplex 
1, tet Multiplex) of 50  µL total volume consisted 
of: 0.5—1  µM of both pairs of primers, 2  µL of 
total DNA, DNase, RNase, and protease, free water, 
and Multiplex PCR Master Mix (Biotechrabbit, 
Germany). PCRs were carried out in a Mastercycler 

gradient (Eppendorf, Germany) as follows: initial 
denaturation at 94 °C for 20 min, 30 cycles of 94 °C 
for 40 s, 60.5 °C for 1 min (blaTEM, blaSHV, blaOXA), or 
65 °C for 30 s (vanA), 72 °C for 1—1.5 min, and final 
elongation at 72  °C for 10 min. PCR program for 
tet Multiplex was: initial denaturation at 94 °C for 
20 min, 72 °C for 30 s, 35 cycles of 94 °C for 1 min, 
55.4  °C for 1  min, 72  °C for 1.5  min, and final 
elongation at 72 °C for 10 min. PCR products were 
separated by gel electrophoresis in 1.5 % agarose gel 
with TAE at 100 V for 1:40 h. Additional staining 
with Gel Red™ Nucleic Acid Gel Stain (Biotium, 
USA) was performed to visualise the products. For 
DNA bands identification, 100  bp DNA ladder 
(Biotechrabbit, Germany) was used as a size stand-
ard. For each ARG a sequenced PCR product was 
used as a positive control. Random PCR products 
of each ARG were sequenced for confirmation.

Statistical analysis
The occurrence of ARGs was expressed as total 
numbers of detected genes or as a ratio of detected 
ARGs to number of samples in the particular group 
in percent (%). The occurrence of ARGs in differ-
ent groups was visualised in bar plots as percentage.
To determine whether there is a significant dif-
ference in ARGs’ occurrence between different 
groups of individuals, the Chi-squared (c2) test was 
performed with the significance set to p < 0.05.

Results

Presence of ARGs in gut microbiota of healthy people
A set of 147  samples of total genomic DNA from 
stools of healthy individuals was tested for the 
presence of six ARGs. Together, 94  ARGs were 
detected in the samples. The most common ARG 
was blaTEM gene, which was present in 28.6 % of the 

Tab. 3. Names and sequences of used primers.

ARG Primers Primer sequence (5´ — 3´) Product size

vanA 
(Depardieu et al., 2004) 

EA1 (+) GGGAAAACGACAATTGC
732 bp

EA2 (–) GTACAATGCGGCCGTTA

Multiplex 1 
(blaSHV, blaOXA) 
(Dallenne et al., 2010)
 

MultiTSO-S_for AGCCGCTTGAGCAAATTAAAC
713 bp

MultiTSO-S_rev ATCCCGCAGATAAATCACCAC

MultiTSO-O_for GGCACCAGATTCAACTTTCAAG
564 bp

MultiTSO-O_rev GACCCCAAGTTTCCTGTAAGTG

blaTEM 

(Dallenne et al., 2010) 

MultiTSO-T_for CATTTCCGTGTCGCCCTTATTC
800 bp

MultiTSO-T_rev CGTTCATCCATAGTTGCCTGAC

tet Multiplex 
(tet(A, E)) 
(Ng et al., 2001)
 

tet(A) GCTACATCCTGCTTGCCTTC
210 bp

CATAGATCGCCGTGAAGAGG

tet(E) AAACCACATCCTCCATACGC
278 bp

AAATAGGCCACAACCGTCAG
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samples, followed by vanA (23.1 %), blaOXA (10.2 %), 
tet(A) (1.4 %) and blaSHV (0.7 %). Gene tet(E) was not 
detected in any of the samples. The most common 
resistance genes were the group of ESBL encod-
ing genes blaTEM, blaSHV, and blaOXA. Total number 
of positive individuals (with at least 1  ARG) was 
72 (49.0 %) which means that some of the individu-
als were carriers of multiple resistance genes. The 
majority of positive samples carried only single 
resistance gene (75.0 %). In 19.4 % of individuals, 
two ARGs and in 5.6  % of samples, three ARGs 
were detected simultaneously.

Comparison of gut resistomes based 
on the sex of individuals
The group of healthy individuals consisted of 
74 women and 73 men. In the female part of the 
group, the presence of 49 ARGs was detected while 
45 ARGs were detected in the male group.
The occurrence of ARGs in the two groups is shown 
in Fig. 1. Based on the overall results, the most 
common ARGs in both sexes are blaTEM and vanA 
with slight dominance in women. Gene blaOXA was 
more prevalent in men. Genes tet(A) and blaSHV were 
detected only in women and tet(E) gene was not 
identified in healthy individuals. The differences 
in ARGs’ occurrence between both sexes are minor 
with exception of the blaOXA gene (Fig. 1). The oc-
currence of ARGs and the sex of healthy individu-
als did not show significant relationship (p = 0.456).
The presence of multiple ARGs in both sexes was 
detected. The total numbers of positive women and 
men was 38 and 34, respectively. Majority (76.3 % 
of positive women, 73.5 % of positive men) carried 
single resistance gene, 18.4 % of women and 20.6 % 

of men carried two ARGs, and in the total DNA of 
5.3  % of women and 5.9  % of men, three ARGs 
were detected. The detected numbers of ARGs did 
not depend on the sex of individuals (p = 0.938).

Comparison of gut resistomes based 
on the nutrition of individuals
Based on the preferred diet habits, healthy indi-
viduals were divided into two groups: vegetarians 
and meat-eaters. The vegetarian group consisted 
of 79  individuals and meat-eater group of 68  in-
dividuals. As shown in Fig. 2, the most prevalent 
resistance gene in the vegetarians group was vanA 
gene (29.1 %), followed by blaTEM and blaOXA gene. 
Genes tet(A) and blaSHV were detected only in a 
couple of cases in vegetarian total genomic DNA. 
On the contrary, the most prevalent resistance gene 
in meat-eaters was blaTEM, followed by vanA and 
blaOXA. With the exception of blaTEM genes, all resist-
ance genes were more prevalent in the vegetarian 
group. Differences between vegetarians and meat-
eaters were clear mainly with vanA and blaOXA genes. 
Although differences were detected in the ARGs’ 
occurrence between vegetarians and meat-eaters, 
statistical analysis did not prove significant relation-
ship of nutrition style and ARGs’ occurrence in 
healthy individuals (p = 0.156).
In addition, vegetarians showed higher occurrence 
of multiple ARGs in one sample. Together, ARGs 
were detected in 40 vegetarians and 32 meat-eaters. 
In both groups, the majority of samples showed 
the presence of only one resistance gene (65.0  % 
positive vegetarians, 87.5  % positive meat-eaters). 
On the contrary, two ARGs were present in 27.5 % 
of vegetarian total DNA compared to 9.4  % of 

Fig. 1. Occurrence of ARGs in healthy men and women.
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meat-eaters. Three ARGs were detected in 7.5 % of 
vegetarians and in 3.1 % of meat-eaters. The num-
bers of ARGs in one individual did not relate to the 
nutrition type of the individual (p = 0.174).

Comparison of gut resistomes based 
on the age of individuals
The age span of the healthy individuals ranged from 
20  to 60  years. Therefore, the group was divided 
into four groups according to age: 20—30 (n = 36), 
31—40  (n  =  38), 41—50  (n  =  36), and 51—60  years 
old (n = 37). Based on the overall results shown in 
Fig. 3, the most prevalent ARGs in each age group 
were blaTEM or vanA genes, blaTEM, blaOXA and vanA 

were present in all age groups. One case of blaSHV 
gene was detected only in the eldest individuals, 
and two cases of tet(A) genes only in 20—30  and 
31—40  years old individuals. Absolute numbers 
show that the highest number of ARGs (30) was 
detected in 51—60 years old (81.1 %), 27 ARGs in 
20—30 years old (75.0 %), 20 ARGs in 41—50 years 
old (55.6 %) and the lowest number of ARGs was 
present in 31—40 years old (17; 44.7 %) individuals. 
The Chi-squared test did not confirm any significant 
relationship between the ARGs’ occurrence and the 
age of the individuals (p = 0.617).
From the positive samples of all age groups, mul-
tiple ARGs (9.5 % 3 ARGs, 23.8 % 2 ARGs, 66.7 % 

Fig. 2. Occurrence of ARGs in healthy vegetarians and meat-eaters.

Fig. 3. Occurrence of ARGs in different age groups of healthy individuals.
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1 ARG) were most often found in 51—60 years old 
individuals. The best results were obtained for the 
group of 31—40  years old individuals, where no 
triple occurrence of ARGs was detected, 13.3 % of 
positive individuals carried two ARGs, and 86.7 % 
carried one ARG. Distribution of ARGs was not af-
fected by the age of individuals (p = 0.674).

Presence of ARGs in gut microbiota of patients
A total number of 45 DNA samples was recovered 
from the stool samples of patients with severe alco-
holic hepatitis. After PCR detection, 59 ARGs were 
detected in the DNA samples with vanA gene as the 
most prevalent in 46.7 % of the samples, followed by 
blaTEM and blaOXA (24.4 % and 22.2 %). Interestingly, 
tet(A) occurrence reached 20.0  % and blaSHV only 
13.3 %. Also, the tet(E) gene was detected in 4.4 % 
of the samples. Percentage of positive samples (with 
min. one ARG) was 77.8 %. In 65.7 % of positive 
samples only a single ARG was detected. Two ARGs 
were detected in 31.4 %, three ARGs in 14.3 %, and 
four ARGs in 5.7 % of the positive samples. In ad-
dition, there was a sample with five ARGs detected. 
Since all patients belonged to the group of meat-
eaters, ARGs’ occurrence was compared between 
groups divided according to age and sex.

Comparison of gut resistome based 
on the sex of patients
Thirty-one samples of total genomic DNA originat-
ed from men and 14 samples from women. Fig. 4 
shows a comparison of ARGs’ occurrence in both 
sexes. In total, 23  ARGs were present in female 
samples and 36 ARGs in male samples. The most 

evident difference was detected in the occurrence 
of vanA and blaTEM genes as vanA genes were more 
prevalent in men and blaTEM in women. Also, tet(E) 
genes were present only in the DNA samples of 
women. Statistical analysis did not confirm any 
significant relationship between sex of the patients 
and ARGs occurrence (p = 0.130).

Comparison of gut resistomes based 
on the age of patients
Patients’ age ranged from 19 to 66 years. The group 
was divided similarly as the group of healthy individ-
uals — 19—30 (n = 4), 31—40 (n = 11), 41—50 (n = 11), 
51—66 (n = 19). The results are shown in Fig. 5. Gene 
vanA was the most prevalent ARG in the groups of 
51—66  and 31—40  years old patients. The highest 
number of ARGs to the number of samples was 
detected in the group of 31—40  years old patients 
(20  ARGs). This means that patients in this group 
were also the most frequent carriers of multiple 
ARGs with 182  % occurrence of ARGs (ratio of 
detected genes to the number of patients in the age 
group). Statistical analysis did not show any signifi-
cant relationship between age of the patients and the 
ARGs’ occurrence (p = 0.755).

Effect of antibiotic treatment on the gut resistomes 
of patients
From 45 samples, 28 were gathered from patients 
on antibiotic treatment. ARGs’ presence was con-
firmed in 78.6 % of these samples. The occurrence 
of ARGs in samples from patients without antibiotic 
treatment was 76.5 %. In one case, five ARGs were 
detected in the sample from a 36-year-old woman 

Fig. 4. Occurrence of ARGs in patients based on their sex.
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who did not receive antibiotic treatment. Although 
relative occurrence of ARGs was similar in both 
groups of patients, results of the Chi-squared test 
show significant relationship between the antibi-
otic treatment and ARGs’ occurrence in patients 
(p = 0.0038).

Comparison of gut resistomes of healthy individuals 
and patients with severe alcoholic hepatitis
One of the most important characteristics is the 
comparison between the two groups of subjects. 
In general, the positivity for ARGs in healthy indi-
viduals was 49.0 %, while in patients it was 77.8 %. 
The distribution of ARG types is shown in Fig. 6. 

Gene vanA was the most prevalent gene in patients, 
with double occurrence in comparison with healthy 
individuals. Except for blaTEM, all monitored ARGs 
were more prevalent in patients. Gene tet(E) was de-
tected only in the genomic DNA of patients, tet(A) 
and blaSHV genes occurred also in some healthy 
individuals.
The occurrence of ARGs in healthy individuals and 
patients strongly correlates with the health status of 
the tested individuals (p = 0.0001).
The comparison of patients and healthy individuals 
based on sex is shown in Fig. 7. The variety of ARGs 
in patients is wider than in the healthy individuals. 
Also, higher percentage of ARGs was detected in 
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Fig. 5. Occurrence of ARGs in patients based on their age.

Fig. 6. Occurrence of ARGs in healthy individuals and patients.
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patients. The occurrence of the vanA gene was the 
highest in male patients. In female patients, blaTEM 
was the most frequently observed ARG. The distri-
bution of ARGs in healthy individuals is more bal-
anced and on a very similar level in both sexes. The 
statistical analysis showed significant relationship 
between the sex, health status, and the occurrence 
of ARGs (p = 0.0005).
The last comparison is the number of ARGs 
detected in samples (Fig. 8). Genomic DNA from 
patients’ stools contained multiple ARGs more 
often than that from healthy individuals. The 
number of ARGs detected in one sample strongly 
correlated with the health status of tested individu-
als (p = 0.00003).

Discussion

Resistome analysis of healthy individuals showed 
the presence of maximum three ESBL-encoding 
genes in total. Similar results were observed in a 
study performed at a California university campus. 
Authors detected blaTEM in 55 % of bacterial isolates 
from 102 stool samples of healthy individuals. They 
also registered blaSHV in 18 % and blaOXA type in 1 % 
of isolates (Rubin et al., 2020).
Sinha et al. (2019) analysed the gut microbiota 
composition of 1135 individuals based on sex and 
resistome profiling in a cohort study concluding 
that the resistomes of women and men differ in 
their richness. Females showed higher prevalence 
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Fig. 7. Occurrence of ARGs in healthy individuals and patients based on the sex 
(HF — healthy female; PF — patient female; HM — healthy male; PM — patient male).

Fig. 8. Numbers of ARGs [%] detected in healthy individuals and patients.
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of resistance genes than males and a higher 
number of gene families. The biggest difference 
between women and men was manifested in the 
family of genes encoding lincosamide nucleoti-
dyltransferases: 85.98 % in women and 79.07 % in 
men. The gene cluster for glycopeptide resistance 
was detected in 39.45  % of women and 31.29  % 
of men. The gene family encoding ESBLs was 
detected in 7.70 % of women and 4.44 % of men 
(Sinha et al., 2019). The results of this study point 
to a similar trend as our results, a higher number 
of resistance genes in women. The difference was 
evident mainly in case of female patients with 
multiple ARGs’ occurrence in one sample. On the 
contrary, no significant differences were found in 
the ARGs’ occurrence between healthy men and 
women (p = 0.456).
An important period for a person is their early age 
when the foundations of the gut microbiota are 
formed. However, the emergence of resistance to 
ATB in this period has not yet been mapped. We 
assumed the highest number of resistance genes 
in the oldest age group. Similarly Lu et al. (2014) 
reported the accumulation of resistance genes from 
childhood to adulthood. This phenomenon may 
be due to older people being usually exposed to 
higher impact of ATB during their entire lives and 
them being exposed to several types of antibiotics. 
Tavella et al. (2021) reported accumulation of ARGs 
with increasing age with some ARGs present in all 
age groups and creating a core gut resistome. These 
assumptions were confirmed in case of healthy 
individuals where the eldest individuals were the 
most frequent ARGs carriers. In patients, ARGs 
occurred the most in the age group of 31—40 years 
old individuals. An interesting finding, however, is 
the second highest number of genes detected in the 
youngest age group of healthy individuals — 21 to 
30  years. However, such a result is no exception. 
Ohashi and Fujisawa (2017) studied the prevalence 
of ARGs in the total DNA extracted from the stools 
of young Japanese women aged from 21 to 22 years 
monitoring ARGs to tetracyclines, macrolides, 
chloramphenicol, betalactams (blaTEM, blaSHV, blaOXA, 
blaCTX-M), fluoroquinolone, ampicillin, meticillin, 
streptomycin, sulfonamide, and vancomycin (vanA, 
vanB and vanC1). Gene blaTEM was detected in 
62.5 %, blaSHV in 21.9 %, blaCTX-M in 6.3 % and blaOXA 
in 3.1  % of subjects. From vancomycin resistance 
genes, only vanC1  gene was detected in 6.3  % of 
cases (Ohashi and Fujisawa, 2017). The genes of 
beta-lactam resistance were most commonly repre-
sented by the blaTEM gene in the group of 21—30 years 
old, but also in the groups of 31—40 years old, and 
51—60 years old healthy individuals (in this case at 
the same level with vanA). This study did not find 

any significant differences in ARGs’ occurrence 
between the groups with different age (p = 0.617).
Differences in the occurrence of resistance genes 
between vegetarians, vegans, and meat-eaters were 
discussed by Losasso et al. (2018). In fecal DNA sam-
ples from 101 people divided according to the type 
of diet, the presence of four resistance genes: sul2, 
tet(A), blaTEM and strB was determined using qPCR. 
Vegans had the lowest number of resistance genes, 
however, when comparing the relative representa-
tion of individual genes between the three groups, 
no major differences were found. The results sug-
gest that conventional and vegetarian diets (intake 
of animal products) promote the accumulation of 
resistance (Losasso et al., 2018). Milanović et al. 
(2017) observed the effects of long-term general, 
ovo-lacto vegetarian, and vegan diet on the occur-
rence of 12  resistance genes in 144  people who 
came from the Italian cities of Turin, Bari, Bolo-
gna, and Parma. Between the analysed genes were 
erm(A), erm(B), erm(C), blaZ, tet(M), tet(O), tet(K), 
tet(S), tet(W), mecA, vanA and vanB. The most com-
monly found genes were erm and tet genes, which 
occurred in almost all samples. The vanA gene oc-
curred in 17 % of omnivores, 25 % of vegans, and 
21  % ovolactovegetarians. The blaZ gene, which 
encodes resistance to beta-lactam antibiotics, was 
detected in 65 % of omnivores, 48 % of vegans, and 
58  % ovolactovegetarians (Milanović et al., 2017). 
When comparing the results of their study with 
our results, it can be stated that the numbers of 
ESBL genes are almost balanced between the two 
groups of healthy individuals, the only noticeable 
difference is in case of blaOXA. With the vanA gene, 
the trend is similar as in the aforementioned study, 
higher occurrence of this gene in vegetarians was 
observed compared to omnivores. Although diet 
has a major influence on the gut microbiota, very 
little is known about its impact on the gut resistome 
and this area requires further research (Milanović 
et al., 2019). Food chain represents a route of trans-
mission for antibiotic resistant bacteria from food 
to people. Therefore, the spread of antibiotic resist-
ance is greatly influenced by food safety and food 
hygiene (World Health Organization, 2011). Stege 
et al. (2022) compared ARGs’ abundance between 
four different nutrition types (omnivores, pescatar-
ians, vegetarians, and vegans) in Dutch population 
using metagenomic shotgun sequencing but found 
no significant differences in abundance of ARGs 
between the groups. Based on their data, ARGs 
represent a very small part of all genetic informa-
tion found in gut microbiota and long-term dietary 
habits do not influence resistomes in a specific 
way (Stege et al., 2022). This study confirms our 
results that there is no correlation between the 
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diet of healthy individuals and ARGs’ occurrence 
(p = 0.174).
Several liver diseases are linked with changes and 
dysbiosis of gut microbiota (Minemura, 2015). 
Antibiotic treatment causes profound changes in 
the gut microbiota, it can selectively increase the 
spectrum of resistant microorganisms leading to 
higher prevalence of resistance genes and increased 
likelihood of their spread through horizontal gene 
transfer (Sommer and Dantas, 2011). The significant 
difference observed in the occurrence of vanA genes 
in patients is most likely caused by the disruption 
of their gut microbiota. According to non-published 
data from the sequencing analysis of total DNA 
samples from patients and controls (healthy individ-
uals), the composition of gut microbiota of patients 
and controls significantly differed in the presence 
of genus Enterococcus, with major occurrence in 
patients (Supplementary material). This shift in the 
gut microbiota composition and combination with 
ATB treatment can lead to high occurrence of the 
vanA gene. Higher occurrence of genus Enterococcus 
(besides Clostridium spp.) in the gut microbiome of 
cirrhotic patients was reported in literature (Hart-
mann et al., 2015; Lang et al., 2020). The results also 
show significant differences in ARGs’ occurrence 
between patients with and without ATB treatment 
(p = 0.0038). Antibiotic treatment is important for 
patients with ALD, mainly for those in the end stage 
of the disease. However, antibiotics cause antimicro-
bial resistance to some enteric pathogens and change 
the microbial community in the gut and its function 
(Yan, 2012). The appearance of stool samples from 
patients was unusual in colour, shape, and consist-
ency which also supports the assumption of gut 
microbiome disruption. Shamsaddini et al. (2021) 
reported higher abundance of ARGs from beta-
lactamases, vancomycin, and quinolone resistance 
groups in patients with cirrhosis. These patients also 
had higher abundance of bacteria from families En-
terobacterales, Streptococcus spp., and Enterococcus spp. 
(Shamsaddini et al., 2021; Pan et al., 2022). Patients 
with liver disease are also prone to bacterial infec-
tions, for example Merli et al. (2010) describe hospi-
tal acquired infections in cirrhotic patients, of which 
64  % are caused by antibiotic resistant pathogens. 
Cirrhotic patients frequently suffer from multidrug 
resistant infections (Vergis et al., 2020). Acute-on-
chronic liver failure (ACLF) describes health condi-
tion of patients with liver cirrhosis and is defined 
by organ failure. This syndrome is characterised by 
high mortality (15 %) within 28 days. Based on the 
number of organ failures, the severity of the syn-
drome is divided into three grades: ACLF-1(a/b), 
ACLF-2, and ACLF-3(a/b). Grade 1 is characterised 
by one organ failure (kidney or another organ). 

In grade 2, two organ failures occur, and in grade 
3, three to six organs fail (Kumar et al., 2020). In 
our group of patients, ten patients did not have any 
symptoms of ACLF (28.6 %), seven patients were in 
grade 1  (20.0  %), 12  patients in grade 2  (34.3  %), 
and three patients suffered grade 3 ACLF (8.6 %). 
ACLF disease was not present in three patients 
(two were controls and one patient had clostridial 
colitis). Due to the high mortality of this disease, 
health condition of the patients was very serious. 
Although 28.6 % of patients did not show the ACLF 
syndrome, Kumar et al. (2020) reported 28-day 
mortality of 4.4 % without organ failure and 6.3 % 
in case of failure of one organ (except for kidneys) 
in the absence of ACLF.
The analysis of ARGs occurrence based on age 
and sex of patients showed similar results as in case 
of healthy individuals. There was no correlation 
in ARGs occurrence between female and male 
patients (p = 0.130) or between the age groups of 
patients (p = 0.755). The effect of nutrition in pa-
tients was not assessed since all of the patients were 
meat-eaters.
The most significant results were obtained by 
comparing the numbers of detected ARGs in 
both groups: healthy individuals and patients. 
There was a strong correlation between the ARGs’ 
occurrence and health status of the individuals 
(p  =  0.0001). Furthermore, statistical analysis of 
healthy individuals and patients divided by the sex 
showed a relationship between the health status and 
the ARGs’ occurrence (p = 0.0005). The detected 
numbers of ARGs in the stool samples from healthy 
individuals and patients were significantly different 
(p = 0.00003). In the group of healthy individuals, 
a higher number of negative individuals (75 vs. 65 
expected) as well as of individuals with two resistance 
genes (4  vs. 10  expected) were present compared 
to the expected values. On the other hand, in the 
group of patients, the number of negative samples 
was lower than expected (10  vs. 20  expected) and 
that of samples with one ARG (20 vs. 17 expected) 
and two ARGs was higher (9 vs. 3 expected).
Gut microbiome is a reservoir of ARGs, even in 
healthy individuals. Therefore, the impact of 
antibiotic resistant microorganisms on immuno-
compromised individuals, such as patients with 
severe alcoholic hepatitis, is more serious. The 
diversity of gut microbiota in patients is disrupted 
by dysbiosis caused by alcohol abuse and antibi-
otic treatment. The presence of antibiotic resist-
ant pathogens can lead to pathogen invasion and 
colonisation. Some promising solutions are faecal 
microbiota transplantation, and the use of probi-
otics (Lamberte and van Schaik, 2022; Anthony et 
al., 2021).
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Conclusion

The results of our study show differences in the 
ARGs’ occurrence in healthy individuals and pa-
tients with severe alcoholic hepatitis. The analysis of 
the healthy individuals based on their diet style and 
sex did not show significant differences between the 
groups. The main differences in ARGs’ occurrence 
were observed between groups of healthy individu-
als and patients. These results show that the overall 
health and healthy gut microbiome play an impor-
tant role in the occurrence of ARGs. Actual trends 
in research of resistomes show the importance of 
metagenomics and sequencing and allow detection 
of many ARGs.

Acknowledgement
This research was funded by the Scientific Grant Agency 
VEGA under the contract 1/0464/21, the Slovak Re-
search and Development Agency under the contracts 
APVV-16-0171  and APVV-19-0094, the STU Grant 
scheme for Support of Young Researchers, and by the 
Operational Program Integrated Infrastructure for the 
project: “Strategic research in the field of SMART moni-
toring, treatment and preventive protection against coro-
navirus (SARS-CoV-2)”, Project no. 313011ASS8, and 
research project ITMS:26240220022  both co-financed 
by the European Regional Development Fund. This study 
was co-funded by the Department of Internal Medicine 
and HEGITO (Hepatology, Gastroenterology and Liver 
Transplantation), F.D. Roosevelt University Hospital, 
Slovakia, and managed by Sanitas Slovaca  — agency 
for health development in Slovakia.

Supplementary Materials
Tab. S1. Significant differences in composition of 
gut microbiome on genus level in patients with 
severe alcoholic hepatitis and selected healthy indi-
viduals as controls.
Fig. S1. Distribution of genus Enterococcus in pa-
tients with severe alcoholic hepatitis and healthy 
individuals.

Informed Consent Statement
Informed consent was obtained from all subjects 
involved in the study.

Institutional Review Board Statement
The study was conducted in accordance with the 
Declaration of Helsinki and approved by the Ethics 
Committee of F. D. Roosevelt Hospital, Banská 
Bystrica, Slovakia (9/2018, 17th April 2018).

References

Ahmed MO, Baptiste KE (2018) Microb Drug Resist. 
24(5): 590—606.

Anthony WE, Burnham CD, Dantas G, Kwon JH (2021) 
J. Infect. Dis. 223: 209—213.

Bajaj JS (2019) Nat. Rev. Gastroenterol. Hepatol. 16(4): 
235—246.

CDC (2019) Atlanta, GA: U.S. Department of Health and 
Human Services, CDC.

Dallenne C, Da Costa A, Decré D, Favier C, Arlet G (2010) 
J. Antimicrob. Chemother. 65(3): 490—495.

Depardieu F, Perichon B, Courvalin P (2004) J. Clin. 
Microbiol. 42(12): 5857—5860.

Doré J, Corthier G (2010) Gastroentérologie Clin. Biol. 
34: 7—15.

Falony G, Vandeputte D, Caenepeel C, Vieira-Silva S, 
Daryoush T, Vermeire S, Raes J (2019) Acta Clin. Belg. 
74(2): 53—64.

Faron ML, Ledeboer NA, Buchan BW (2016) J Clin 
Microbiol. 54(10): 2436—2447.

Hartmann P, Seebauer CT, Schnabl B (2015) Alcohol. 
Clin. Exp. Res. 39(5): 763—775.

Lu J, Lang S, Duan Y, Zhang X, Gao B, Chopyk J, 
Schwanemann LK et al. (2020) Hepatology 72(6): 
2182—2196.

Kudláčková (Krajčovičová) M, Valachovičová M, 
Bírošová L (2012) Bratislava, Slovakia: Slovenská 
zdravotnícka univerzita.

Kumar R, Mehta G, Jalan R (2020) Clin Med (Lond). 
20(5): 501—504.

Kwong EK, Puri P (2021) Transl. Gastroenterol. Hepatol. 
6: 3.

Lamberte LE, van Schaik W (2022) Curr. Opin. Microbiol. 
68: 102150.

Lang S, Fairfied B, Gao B, Duan Y, Zhang X, Fouts De, 
Schnabl B (2020) Gut Microbes 12(1): 1785251.

Li F, McClain CJ, Feng W (2019) Liver Res. 3(3—4): 
218—226.

Losasso C, Di Cesare A, Mastrorilli E, Patuzzi I, Cibin V, 
Eckert EM, Fontaneto D, Vanzo A, Ricci A, Corno G 
(2018) Int. J. Antimicrob. Agents 52(5): 702—705.

Lu N, Hu Y, Zhu L, Yang X, Yin Y, Lei F, Zhu Y (2014) 
Sci. Rep. 4(1): 4302.

Merli M, Lucidi C, Giannelli V, Giusto M, Riggio O, 
Falcone M, Ridola L, Attili AF, Venditti M (2010) Clin. 
Gastroenterol. Hepatol. 8(11): 979—985.

Milanović V, Osimani A, Aquilanti L, Tavoletti S, 
Garofalo C, Polverigiani S, Litta-Mulondo A et al. 
(2017) Mol. Nutr. Food Res. 61(9): 1601098.

Milanović V, Osimani A, Cardinali F, Litta-Mulondo A, 
Vignaroli C, Citterio B, Mangiaterra G et al. (2019) 
PLoS One 14(8): e0220549.

Minemura M (2015) World J. Gastroenterol. 21(6): 
1691.

Ng LK, Martin I, Alfa M, Mulvey M (2001) 15(4): 
209—215.

Ohashi Y, Fujisawa T (2017) Biosci. Microbiota, Food 
Heal. 36(4): 151—154.

Pan X, Zhou Z, Liu B, Wu Z (2022) Front. Microbiol. 13.
Penders J, Stobberingh EE, Savelkoul PHM, Wolffs PFG 

(2013) Front. Microbiol. 4.
Roberts MC (2005) FEMS Microbiol Lett 245(2): 

195—203.
Rubin J, Mussio K, Xu Y, Suh J, Riley LW (2020) Microb. 

Drug Resist. 26(10): 1227—1235.
Van Schaik W (2015) Philos. Trans. R. Soc. B Biol. Sci. 

370(1670): 20140087.

Cverenkárová K et al., Comparison of gut resistomes in healthy individuals…



121

Schjørring S, Krogfelt KA (2011) Int. J. Microbiol. 2011: 
1—10.

Shamsaddini A, Gillevet PM, Acharya C, Fagan A, 
Gavis E, Sikaroodi M, McGeorge S et al. (2021) 
Gastroenterology 161(2): 508—521.e7.

Shreiner AB, Kao JY, Young VB (2015) Curr. Opin. 
Microbiol. 31(1): 69—75.

Sinha T, Vich Vila A, Garmaeva S, Jankipersadsing SA, 
Imhann F, Collij V, Bonder MJ et al. (2019) Gut 
Microbes 10(3): 358—366.

Sommer MOA, Dantas G (2011) Curr. Opin. Microbiol. 
14(5): 556—563.

Stege PB, Hordijk J, Shetty SA, Visser M, Viveen MC, 
Rogers MRC, Gijsbers E et al. (2022) Sci. Rep. 12(1): 
1892.

Tavella T, Turroni S, Brigidi P, Candela M, Rampelli S 
(2021) mSphere 6(5): e00691-21.

Tilg H, Cani PD, Mayer EA (2016) Gut 65(12): 
2035—2044.

Tomova A, Bukovsky I, Rembert E, Yonas W, Alwarith J, 
Barnard ND, Kahleova H (2019) Front. Nutr. 6.

Ur Rahman S, Ali T, Ali I, Khan NA, Han B, Gao J (2018) 
Biomed Res Int. 26: 9519718.

Vassallo G, Mirijello A, Ferrulli A, Antonelli M, 
Landolfi R, Gasbarrini A, Addolorato G (2015) 
Aliment. Pharmacol. Ther. 41(10): 917—927.

Vergis N, Atkinson SR, Thursz MR (2020) Semin. Liver 
Dis. 40(1): 11—19.

World Health Organization (2011) Copenhagen: World 
Health Organization.

Xie G, Wang X, Liu P, Wei R, Chen W, Rajani C, 
Hernandez BY et al. (2016) Oncotarget 7(15): 
19355—19366.

Yan AW (2012) World J. Hepatol. 4(4): 110.

Cverenkárová K et al., Comparison of gut resistomes in healthy individuals…


	10.2478_acs-2023-0001
	10.2478_acs-2023-0002
	10.2478_acs-2023-0003
	10.2478_acs-2023-0004
	10.2478_acs-2023-0005
	10.2478_acs-2023-0006
	10.2478_acs-2023-0007
	10.2478_acs-2023-0008
	10.2478_acs-2023-0009
	10.2478_acs-2023-0010
	10.2478_acs-2023-0011

