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STRUCTURAL AND OPTICAL INSIGHTS INTO 
A PHENOTHIAZINE-DERIVED CHALCONE SYNTHESIZED 

VIA ECO-FRIENDLY METHODS 
 

Stefana GRAMAa, Bianca STOEANa,*,  
Alexandru TURZAb, Dan PORUMBa, Castelia CRISTEAa, and 

Luminita SILAGHI-DUMITRESCUa 

 
ABSTRACT. A novel chalcone containing (hetero)aromatic units was obtained 
by the Claisen-Schmidt condensation of phenothiazinyl-3-carbaldehyde with 
4-hydroxy-acetophenone under three experimental approaches based on 
classical, mechanochemical and ultrasound-assisted procedures. A comparison 
between the experimental outcomes emphasizes shorter reaction time and 
lower energy usage in the case of mechanochemical and ultrasound-assisted 
procedures, recommending these methods as more environmentally friendly 
synthetic options. Moreover, the use of the sonochemical method resulted 
in the formation of the reaction product in crystalline state thus simplifying 
the purification process. The optical properties of the new chalcone were 
assessed by UV-vis spectroscopy. (E)-1-(4-hydroxyphenyl)-3-(10-methyl-
10H-phenothiazin-3-yl)prop-2-en-1-one exhibited an intense absorption in 
the UV region (λmax=408 nm) and low intensity fluorescence emission in 
DMSO solution (λem=560 nm, Stokes shift 7558 cm-1). The X-ray diffraction 
on monocrystal technique which was employed to ascertain the solid-state 
structure of the new chalcone revealed strong O-H···O hydrogen bonds 
and weak dispersive van der Waals interactions such as π···π and C-H···π 
contacts ensuring its supramolecular architecture, crystal cohesion and 
stability. 

Keywords: Phenothiazine; Chalcone; Sonochemistry; Mechanochemistry, 
UV-vis spectroscopy, XRD. 
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INTRODUCTION 

 
In the last decades, the chemistry of methine dyes has received 

increasing interest because of the wide range of uses and applications of these 
dyes in many sectors such as technology, engineering, pharmacology, and 
medicine [1]. Cyanines, a classes of methine dyes, found various applications 
such as acid-base indicators in analytical chemistry, anti-tumor and anti-cancer 
agents, bactericidal and fungicidal agents in medicine [2]. Additionally, they are 
exploited in nucleic acids or protein detection, biomolecules labeling and laser 
technology [2].  

Besides cyanines, another intensively studied class of methine dyes 
is represented by chalcones. Chalcones are biologically active diaryl-α,β-
unsaturated carbonyl compounds, being precursors of various heterocyclic 
compounds [3]. Chalcones serve as a pharmacophore in a variety of 
physiologically active compounds and have multiple uses, including anticancer 
[4], anti-inflammatory and antioxidant compounds [5]. Some chalcone-isoflavone 
dimers have shown promising results in being used as anti-inflammatory, and 
some phenyl coumarins and chalcones were proposed as suppressors of 
LTR-dependent transcription in 2007 in an attempt to find new anti-HIV 
treatments however, the mechanism of action has not been fully characterized 
[6]. Keeping the same principles as the previous anti-HIV active compounds, 
in 2016, Cole et al. synthesized some butein- and xanthohumol-based chalcones 
that have shown promising results in anti-HIV studies [7]. 

Despite the fact that chalcones have great promise as medicinal agents, 
this class of compounds is also renowned for their photochemical, optical, 
and non-linear optical characteristics (NLO), being employed as fluorophores 
in Organic Light-Emitting Diodes (OLED) [8], chemosensors, and fluorescent 
nano-probes [9]. By integrating optical characteristics with biocompatibility 
and biological functionality, chalcones can effectively serve as fluorescent 
labels in cellular imaging for the identification of tumor tissue (B16-F10 murine 
melanoma) [10] and specific staining of cellular organelles [11], cell nucleus 
and the intercalation between the nitrogenous bases of the nucleus [12]. High 
selectivity towards mitochondria was observed with fluorescent probes based on 
polyfluorinated cyanine dyes, polymethine dyes, and the cyanine-benzothiazole 
hybrid system, which emitted predominantly in the near infrared region [10]. 
Selective labelling was performed on the lysosomes of various cell lines, including 
HF-P4, BLM, U-2 OS, and A-2058, using fluorescent Coumarin Troger’s base 
derivatives with cyanine substituents [13]. The cytoplasm was selectively 
stained through the use of a variety of organic dyes. As an illustration, boron-
based Schiff bases complexes were effectively utilized to stain the cytoplasm 
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of B16-F10 murine melanoma cells in vitro [14]. Similarly, live mouse embryonic 
fibroblasts were selectively stained with fluorophores that contained thiophene 
moieties [15]. 

In our quest for more environmentally benign methods applicable in 
the synthesis of heterocyclic compounds, previous studies focused on the 
condensation of 10-methyl-10H-phenothiazine-carbaldehyde under microwave 
assisted conditions pointed out superior reaction rates and product yields in the 
preparation of Schiff bases [16], acetals [17] and chalcones [18-20] containing 
phenothiazine units, as well as in the synthesis of their oxidation [21]  
or cyclization [22] products. Building upon our prior research regarding 
the application of other greener methodologies in the syntheses of 
(phenothiazinyl)vinyl dyes [10,23,24], in this work we developed two 
alternative experimental procedures for the condensation of phenothiazinyl-
3-carbaldehyde with acetophenone derivatives under mechano- and 
sonochemical conditions. The structure of the novel phenothiazinyl-chalcone 
was assigned unambiguously by NMR and XRD, while its optical absorption/ 
emission properties were assessed by UV-vis spectroscopy.  
 
 
RESULTS AND DISCUSSION 

 
(E)-1-(4-hydroxyphenyl)-3-(10-methyl-10H-phenothiazin-3-yl)prop-2-

en-1-one 2, was obtained by the condensation of 10-methyl-10H-phenothiazine-
3-carbaldehyde 1 with 4-hydroxy acetophenone according to Scheme 1. 

S

N
CH3

CH O S

N
CH3

H O

OHOHO
H

a) Ethanol, KOH, 60 °C, 24h                    33%
b) Grinding, KOH, 30min                         20%
c) Ethanol, KOH, 3h, ))                              47%

1 2

 
Scheme 1. 

 
Three alternative experimental procedures were tested to optimize 

the reaction conditions: a) classical convective heating in a homogeneous 
ethanol solution, b) solvent-free mechanochemical conditions and c) ultrasound 
irradiation conditions. Notwithstanding the fact that the reaction yields achieved 
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through the implementation of mechano- and sonochemical conditions were 
lower (20% mechanochemical) or not too much higher (47% sonochemical) 
than those achieved through conventional methods (33%), these alternative 
processes can be deemed "greener" due to their significantly reduced energy 
consumption and shorter reaction time (30-180 minutes versus 24 hours). 
Furthermore, the ultrasound-assisted procedure yielded a crystalline reaction 
product that required only simple purification and finally provided single 
crystals suitable for X-ray diffraction.  

The E configuration of the C=C bond present in the chalcone 2 structure 
was suggested by high resolution NMR based on a large vicinal coupling 
constant between the protons attached to the vinyl unit (3J=15.48 Hz) and 
conclusively confirmed by the recorded XRD pattern in the monocrystal. 

The optical properties of 2 displayed a weak solvatochromism as it may 
be seen from the data listed in Table 1 emphasizing the absorption/emission 
wavelength maxima in various solvents. Figure 1a reveals the slight 
bathochromic shift (806.7 cm-1) recorded in the UV-vis absorption spectrum 
of 2 when transitioning from ethyl acetate or toluene to dimethylsulfoxide 
(DMSO)- a solvent recognized for its stabilizing capacity via hydrogen 
bonding. A broad fluorescence emission band was recorded upon excitation of 
2 with its longest absorption maxima (Figure 1b); the most intense fluorescence 
emission and the highest value of the Stokes shift were recorded for chalcone 2 
in the polar aprotic solvent acetone, while the fluorescence emission was 
quenched in DMSO solvent which apparently favored the non-radiative 
relaxation processes. 
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Figure 1. UV-vis spectra of chalcone 2 in various solvents: a) absorption spectra 

(CM=4x10-5M), b) fluorescence emission spectra (CM=8x10-7M). 
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Table 1. UV-vis absorption/emission wavelength maxima, molar extinction 
coefficients and Stokes shifts of chalcone 2 in various solvents. 

Solvent λabs 
(nm) 

ε 
(cm-1M-1) 

λem 

(nm) 
Stokes Shift 

(cm-1) 

Acetone 400 1.3x104 607 8526 
Ethyl acetate 395 2.2x104 577 7986 

DMSO 408 1.3x104 560 7558 
Toluene 400 0.5x104 - - 
 
The crystal structure of 2 within solid state was completely elucidated 

by single crystal X-ray diffraction technique. It crystallizes centrosymmetrically 
in the body-centered I2/a monoclinic space group. The structure is embedding 
isopropyl alcohol molecules in the lattice in a stoichiometric ratio of 1:1 between 
chalcone 2 and alcohol. The molecular perspective of the asymmetric unit 
along with the atom numbering scheme is presented in Figure 2a.  

In the formation of supramolecular architectures, crystal cohesion 
and stability are involved strong classical O-H···O hydrogen bonds and other 
weak dispersive van der Waals interactions such as π···π and C-H···π contacts 
(see table 2). An isopropyl alcohol molecule is bounded within the lattice by 
O-H···O hydrogen bonds, the hydroxyl group of alcohol molecule serving 
both as donor and acceptor. O2-H2A···O3 interaction is characterized by a 
separation distance of 1.951 Å linking the hydroxyl group of the alcohol with the 
carbonyl group of the chalcone. Further the alcohol molecule is involved in 
hydrogen bonds with the hydroxyl substituent of the aromatic ring, the recorded 
O1-H1···O2 distance being 1.863 Å. Both phenyl rings of phenothiazine 
moiety participate in mutual π···π interactions characterized by intermolecular 
C4···C7 distances of 3.365 Å. These are completed by C-H···π interactions 
linking isopropanol molecule to chalcone 2 adjacent molecules. An extended 
packing diagram of compound 2 is illustrated in Figure 2b. 

 
Table 2. Intermolecular interactions in compound 2 (Å). 

D-H···A D-H H…A D…A <(D-H…A) 
O1-H1···O2 0.820 1.863(3) 2.765(4) 170.2(4) 
O2-H2···O3 0.820 1.951(2) 2.271(1) 177.8(4) 

π ···π     
C4···C7   3.365(4)  
C-H···π     

C22-H22···C1 0.930 2.859(3) 3.546(2) 131.7(2) 
C24-H24···C19 0.980 2.837(4) 3.731(2) 151.8(4) 
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Figure 2. Chalcone 2 a) ORTEP illustration of the asymmetric unit presenting the 
atoms as ellipsoids at 50% probability level; b) packing perspective along ab-axis. 

 
 
CONCLUSIONS 

 
This work described three alternative experimental procedures applicable 

in the synthesis of (E)-1-(4-hydroxyphenyl)-3-(10-methyl-10H-phenothiazin-
3-yl)prop-2-en-1-one 2, based on i) the conventional convective heating in 
homogeneous solution, ii) the solventless mechanochemical grinding and iii) the 
ultrasound irradiation techniques. The mechano- and sonochemical procedures 
may be qualified as greener synthetic approaches requiring much shorter 
reaction times and lower energy inputs. A major advantage of the sonochemical 
procedure is its capacity to induce the precipitation of the reaction product in 
a solid microcrystalline state, much simplifying its purification. The electronic 
properties of 2 displayed a strong absorption peak in the UV region (408 nm) 
and fluorescence emission in the visible range (560 nm) of low intensity but 
large Stokes shift 7558 cm⁻¹).   

(a) 

(b) 
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EXPERIMENTAL SECTION 

Materials and Methods 
All the materials for experiments, reagents, and solvents were 

obtained from commercial suppliers and used without further purification unless 
otherwise noted. UV-vis absorption respective emission spectra in a solvent 
were recorded with Perkin Elmer Lambda 35 and Perkin Elmer LS55 
spectrophotometers. NMR spectra were recorded on Brucker NEO-1 600 
MHz instrument. Single crystals of compound 2 were successfully grown 
and analyzed by X-Ray diffraction. A suitable single crystal of 2 was mounted 
on the goniometer of a SuperNova diffractometer using inert Paratone oil 
and a nylon loop. The collection of diffraction intensities was carried out by 
CrysAlis PRO software at room temperature using CuKα radiation. The 
diffractometer is equipped with an X-Ray tube operating at X-ray 50 kV and 
0.8 mA and an Eos CCD detector. The crystal structure was solved by the 
SHELXT [25] solution program via Intrinsic Phasing and further was 
refined by the least-squares minimization method with the SEHLXL [26] 
refinement package in Olex2 software [27]. H and O atoms were treated as 
riding considering an isotropic displacement parameter Uiso(H)=1.2Ueq(C) 
for CH [C-H=0.93 Å], Uiso(H)=1.5Ueq(C) for CH3 groups [C-H=0.96 Å] and OH 
groups [O-H=0.82 Å]. The CIF files of 2 have been deposited with the 
Cambridge Crystallographic Data Centre, having the associated deposition 
number 2304437. A copy can be obtained free of charge on written 
application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax: +44-
12-2333-6033); on request via e-mail to deposit@ccdc.cam.uk or by 
access to http://www.ccdc.cam.ac.uk. 

Starting material, 10-methyl-10H-phenothiazine-3-carbaldehyde 1, was 
prepared by Vilsmeier-Haack Formylation with trichlorophosphate in N,N,-
dimethyl-formamide and dichloroethane as following the previously 
reported methods [28]. 

Experimental procedures for the synthesis of (E)-1-(4-hydroxy-
phenyl)-3-(10-methyl-10H-phenothiazin-3-yl)prop-2-en-1-one 2 
a) Classical synthesis 

In a three-necked flask fitted with a reflux condenser, thermometer and 
septum were introduced 10-methyl-10H-phenothiazine-3-carbaldehyde 1 
0.73g (3.02 mmol) of and a saturated solution of potassium hydroxide in 
ethanol. The mixture was stirred and heated to 60°C until the raw material 1 
was completely dissolved and further it was added 4-hydroxy acetophenone 
0.72 g (5.29 mmol). The reaction mixture was stirred for 24 hours at 60°C. 
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After the completion of the reaction, the solvent was partially removed by 
vacuum distillation. The orange-red precipitate obtained was filtered and 
recrystallized from 2-propanol and acetonitrile (10:2 v/v), affording 0.36 g 
product (yield 33%). 

b) Mechanochemical synthesis 
In a mortar, 10-methyl-10H-phenothiazine-3-carbaldehyde 1 (0.73g, 

3.02 mmol) and KOH (0.34g, 6 mmol) were added and the mixture was 
ground with a pestle until a homogeneous mixture was obtained. Over this 
mixture, 4-hydroxy acetophenone 0.72 g (5.29 mmol) was added in portions, 
the blend being homogenized after each added portion. After adding the last 
portion, the mixture was grounded with the pistil for another 30 minutes. The 
orange paste was recrystallized from 2-propanol and acetonitrile (10:2 v/v), 
affording 0.22 g pure product (yield of 20%). 

c) Ultrasound assisted synthesis 
10-methyl-10H-phenothiazine-3-carbaldehyde 1 (0.73g, 3.02 mmol), 

50 mL of ethanol and KOH (0.34g, 6 mmol) were introduced into a pear-
shaped flask. After 10 min of ultrasonating, 4-hydroxy acetophenone 0.72 g 
(5.29 mmol) was added and the mixture was ultrasonated for another 3 hours 
in an ultrasonic bath. After the completion of the reaction, small red crystals 
appeared in the reaction mass. After filtration, 0.51 g pure product (yield 
47%) was obtained after recrystallization from 2-propanol. 
2 Melting point (from 2-propanol): 185°C 
1H-NMR (600 MHz, acetone-d6) 𝛿𝛿 (ppm): 8.11(d, 2H, J=8.76 Hz); 7.8(d, 1H, 
J=15.48 Hz); 7.68(d, 1H, J=7.62 Hz); 7.67(d, 1H, J=15.48 Hz); 7.63(dd, 1H, 
J=8.34 Hz); 7.24(dd, 1H, J=7.32 Hz); 7.18(dd, 1H, J=2.56 Hz); 7.02(m, 1H); 
7.00(m, 1H); 6.99 (m, 1H); 6.97(m, 2H); 3.45(s, 3H). 
13C-NMR (150 MHz, acetone-d6) 𝛿𝛿 (ppm): 34.5, 114.4, 114.7, 115.2 (2C), 
119.0, 122.3, 122.9, 123.5, 126.0, 126.8, 127.8, 129, 130.4, 131.5 (2C), 
143.0, 145.0, 147.5, 148.0, 161.2, 187.5. 
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ABSTRACT. Two convenient alternatives for the synthesis of metal(II) 
2,9,16,23-tetranitrophthalocyanines (TNPc) were applied in the synthesis 
of the novel Strontium(II)TNPc and its Zinc(II)TNPc, Copper(II)TNPc and 
Cobalt(II)TNPc analogues. The thermal activation required for the 
tetramerization of the phthalic acid derivatives used as substrates (4-nitro-
phthalimide or 4-nitrophthalodinitrile) was provided by convective heating in 
solution or solvent free conditions. The optical properties of the synthesized 
metal(II)TNPc were compared by means of UV-vis spectroscopy. In solution, 
the novel Sr(II)TNPc was characterized by absorption bands with maxima 
situated around 690 nm (similar to Cu(II)TNPc), while its fluorescence 
emission maxima lays close to Zn(II)TNPc (710 nm), with a three times 
longer fluorescence emission life time in solid state (3.04 ns).  
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INTRODUCTION 

 
Phthalocyanine (Pc) is a macrocyclic compound belonging to the class 

of aza[18]anulenes which was discovered at the beginning of the 20th century. 
The macrocyclic structure of Pc embodies four isoindole ([3,4]benzopyrrole) 
moieties connected by imine bridges (-N=) enabling a continuous conjugated 
system of 18 π-electrons complying with the aromaticity Huckel’s rule [1]. 
Functionalization of Pc imply peripheral substitution, core metalation and 
axial substitution. Various metallophthalocyanines (MPc) containing a metal 
ion coordinated in the central cavity of the macrocyclic dianion ligand were 
reported with the aim of tuning the Pcs’ chemical and dyeing properties. The 
properties of Pc derivatives were subsequently investigated leading to their 
use as pigments and dyes in various inks, paints and varnishes formulations due 
to their exceptional thermal stability and resilience to the action of acids and 
bases [2]. Pc derivatives exhibit high values of molar extinction coefficients 
for the main absorption bands situated in visible and near-infrared spectra. 

Currently, Pc derivatives are utilized in industrial sectors, such as 
dyes industry, molecular electronics, and solar cells, due to their distinctive 
characteristics [3]. Recently, there has been a significant interest in the study 
of Pc and MPc derivatives containing core substitution with transition metals. 
This is due to their exceptional features, which make them very promising for 
modern growing sectors including liquid crystals, catalysts, and photochromic 
materials [4]. Pc derivatives have also found application in medicinal 
preclinical investigations due to their biological activity, potential usage as 
photosensitizers in photodynamic therapy and ability to provide fluorescence 
imaging of tumour tissues [5-7]. Nanomedicine has come a long way in the 
past few years, especially when it comes to synthesize multifunctional 
theragnostic drugs that can be used for specific cancer imaging and treatment. 
Two new ways to obtain protein-based (anti-folate receptor anti-body) 
nanoparticles that encapsulate (Zn(II)-2,9,16,23-tetranitrophthalocyanine for 
specific fluorescence imaging and dual treatment of ovarian cancer have 
been reported [8]. Further, nanoparticles made of bovine serum albumin that 
are loaded with (Zn(II)-2,9,16,23-tetraaminphthalocyanine showed great 
biocompatibility and efficient photothermal conversion, suggesting a potential 
for biomedical applications [9]. MPc derivatives are redox active compounds 
which were exploited in the preparation of modified gold electrodes for 
electrocatalytic oxidation and detection of different analytes. Unlike redox 
active phenothiazine derivatives mediators which strongly adsorb directly on 
gold electrodes (based on the the presence of the sulphur atom in the 
structure of the heterocycle) [10], self-assembled monolayer films of Fe(II)Pc 
were axially ligated to mercaptopyridine modified gold electrodes [11]. 
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Pc derivatives can be synthesized by the cyclization of precursors 
based on an array of phthalic acid derivatives (anhydride, imide, diamide, 
dinitrile) [12,13] and metal salts containing the metal ion as template for the 
cyclotetramerization which proceeds in a melt or in a high boiling solvent 
(Scheme 1).  

 

 
 

Scheme 1. Synthesis of Pcs from phthalic acid derivatives  
 
 
Many MPc derivatives were synthesized using a wide array of 

metal salts. Free phthalocyanines (H2-Pc) can be obtained directly by the 
macrocyclization of the above mentioned precursors or by reducing a MPc 
in pyridine and hydrochloric acid [14]. The majority of Pc exhibit limited 
solubility in various solvents, such as water, bases, and acids. However, they 
do exhibit solubility in dimethylsulfoxide (DMSO) and concentrated sulfuric 
acid (H2SO4). In order to enhance their applicability in photodynamic therapy 
and other bio-medical fields, there are currently explored new analogues of 
phthalocyanines that contain hydroxyl, carboxyl, amino or sulfonyl groups, 
which significantly enhance their solubility in water [15].  

In this work are presented two alternative synthetic routes validated 
in the preparation of four MPc derivatives branded by the macrocycle peripheral 
substitution with nitro auxochromic groups and core metalation with the divalent 
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cations: strontium(II), copper(II), cobalt(II) and zinc(II) respectively. The electronic 
properties of the novel Sr(II)MPc are compared with the Cu(II), Co(II) and 
Zn(II) MPc analogues based on the recorded UV-vis spectroscopic data. 

 
 

RESULTS AND DISCUSSION 
 
The target metallocomplexes of 2,9,16,23–tetranitro-phthalocyanine 

(TNPc) were successfully obtained by two synthetic pathways as presented 
in Scheme 2. 

 
 

Scheme 2. Alternative syntheses of metal(II)TNPc 
 
The first approach for the synthesis of Zn(II)TNPc 3a, Cu(II)TNPc 3b, 

Co(II)TNPc 3c and Sr(II)TNPc 3d respectively, involves a solvent-free method 
utilizing 4-nitro-phthalimide 1 as the starting material, urea as a source of 
nitrogen, ammonium molybdate catalyst and the metal chloride template.  

The second method employs 4-nitro-phthalodinitrile 2 substrate 
dissolved in a high boiling point solvent, specifically 1-pentanol, along with 
the non-nucleophilic hindered base1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) 
and the metal acetate template. Given that 4-nitro-phthalodinitrile 2 is the 
starting material in this process, the presence of an additional nitrogen source 
was no longer necessary.  

As it may be seen from Scheme 1, 4-nitro-phthalodinitrile 2 can be 
obtained from 4-nitro-phthalimide 1 in two additional reaction steps (ammonolysis 
followed by dehydration of the 4-nitro-phthalamide intermediate) and thus, 
overall reaction yields of metal(II)TNPc are not higher. While the solvent-free 
approach offers benefits such as increased yields and reduced expenses, 
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there is a potential issue related to the convective heating ensuring an uneven 
distribution of the temperature within the reaction mixture. Consequently, 
when temperature rise above 180°C, a potential risk of partial carbonization 
of the reaction mixture may occur. 

A comparative study of the optical properties displayed by the 
synthesized metal(II)TNPc 3a-d was performed. Table 1 provide the typical 
visible absorption and fluorescence emission data recorded by UV-vis 
spectroscopy in dimethylsulfoxide (DMSO) solution. As it may be seen in 
Figure 1a showing the overlaid visible absorption spectra of metal(II)TNPc 
3a-d, a slight bathochrome shift was recorded for the novel Sr(II)TNPc 3d, 
while Co(II)TNPc 3c exhibited an apparent hyperchromic effect. While the 
absorption characteristics of Sr(II)TNPc 3d are similar to that of Cu(II)TNPc 
3a, its fluorescence emission maxima is situated in the near-infrared region 
similar to Zn(II)TNPc 3a (Figure 1b). Co(II)TNPc 3c was characterized by the 
greatest Stokes shift value (645 cm-1).  
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Figure 1. UV-vis spectra of metal(II)TNPc 3a-d in DMSO solution: a) absorption 

spectra (CM=4x10-5M), b) fluorescence emission spectra (CM=4x10-8M). 
 

Table 1. UV-vis absorption/emission wavelength maxima, molar extinction coefficients, 
Stokes shifts and fluorescence lifetime of metal(II)TNPc 3a-d in DMSO solutions. 

 

Cpd. λabs 
(nm) 

ε 
(cm-1M-1) 

λem 
(nm) 

Stokes Shift 
(cm-1) 

Fluorescence lifetime 
(ns) 

3a 687 16578 708 432 0.9 
3b 690 18500 - - - 
3c 678 27288 709 645 0.8 
3d 691 21935 710 387 3.04 
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Figure 2. Fluorescent lifetime histograms for metal(II)TNPc 3a – a), 3c – b), 3d – c). 

 
Additionally, when comparing the fluorescence lifetimes determined by 

time-resolved confocal fluorescence microscopy for 3a, 3c, 3d in solid state, 
Sr(II)TNPc 3d exhibited a fluorescence lifetime that is three times longer than its 
Zn(II)TNPc 3a and Co(II)TNPc 3c analogues. The variations in fluorescence 
lifetimes are most likely due to the modifications in electronic structure, non-radiative 
decay pathways, and energy transfer processes induced by the metal ions.  

The aggregation of Pc chromophore system may impede its efficacy 
in various applications by influencing its photophysical properties (such as 
fluorescence quenching) or photochemical properties (such as singlet oxygen 
generation or loss of catalytic activity). A first attempt to detect the aggregation 
tendency of metal(II)TNPc 3a-d is presented below.  
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Figure 3. UV-vis spectra of metal(II)TNPc 3a-d in DMSO at different concentration ranges. 
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Absorption spectra of metal(II)TNPc 3a-d were recorded in DMSO 
solution at various concentrations ranging between 10-4 and 10-6M. As it may 
be seen from the overlaid absorption spectra presented in Figure 3 for each 
metal(II)TNPc 3a-d the Lambert-Beer law is followed, with absorbance 
increasing in proportion to the concentration of the compound in solution, 
suggesting that the aggregation does not occur in the aprotic dipolar DMSO 
solvent at concentrations ranging between 10-4 and 10-5M. 

 
 

CONCLUSIONS 
 
This work described two convenient approaches for the synthesis of 

metal(II)TNPc validated in the synthesis of Zn(II)TNPc 3a, Cu(II)TNPc 3b 
and Co(II)TNPc 3c and the novel Sr(II)TNPc 3d. The thermal activation 
required for the tetramerization of the phthalic acid derivatives used as substrate 
(4-nitro-phthalimide / 4-nitrophthalodinitrile) was provided by convective heating 
in solvent-free / in solution conditions. Although the solvent-free strategy may 
provide issues in temperature distribution, the study highlights its advantages 
in terms of increased yield, reduced costs and the possibility of avoiding the 
hazards induced by the use of volatile organic compounds (VOC).  

In terms of optical properties, the novel Sr(II)TNPc 3d displayed the 
strong visible absorption maxima and fluorescence emission maxima in both 
solution and solid state, with fluorescence lifetime of 3.04 ns, having the potential 
to become a valuable candidate as fluorophore in tissue bioimaging using 
fluorescence microscopy, as well as photosensitizer in photodynamic therapy. 
 
 
EXPERIMENTAL SECTION 

 
Unless otherwise specified, all experimental materials, reagents, 

and solvents were procured from commercial suppliers and utilized without 
additional purification. Mass spectra were recorded using Bruker Rapiflex 
MALDI-TOF apparatus from Bruker Daltonics (Bremen, Germany), equipped 
with a Smartbeam 3D laser. The UV-Vis absorption and fluorescence emission 
spectra were recorded using the Perkin Elmer Lambda 35 and Perkin Elmer 
LS55 spectrophotometers.  

The synthesis of the starting 4-nitrophthalimide 1 was achieved 
according to literature data by subjecting phthalimide to nitration using a 
concentrated solution of sulfuric acid and nitric acid at room temperature [13].  

The synthesis of the starting 4-nitrophthalodinitrile 2 was performed 
according to literature data by ammonolysis of 4-nitrophthalimide to 4-
nitrophthalamide using ammonium hydroxide solution, followed by dehydration 
using thionyl chloride at low temperature [13]. 
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Fluorescence emission life time was recorded from solid-state 
samples deposited on glass slides with a time-resolved confocal fluorescence 
microscopy system (MicroTime 200, PicoQuant, Germany) equipped with 
an Olympus IX71 microscope. Samples were excited with a pulsed laser 
diode at 640 nm (LDH-D 640 nm, 40 MHz). The signal was collected using 
a UPLSAPO 60×/NA=1.2 water immersion objective, and a BLP01-647R 
emission filter (Semrock) was used to filter the signal. The mean values of 
the fluorescence lifetimes of the samples were obtained by fitting operations 
on the experimental curves with exponential equations. 

 
Experimental procedures for the synthesis of zinc(II), copper(II), 
cobalt(II) and strontium(II) 2,9,16,23–tetranitro-phthalocyanines  
a) Solvent-free procedure 

A mixture containing 4 mmol of metal chloride (copper(II) chloride, 
zinc(II) chloride, cobalt(II) chloride and respectively strontium(II) chloride), 
12.5 g (0.208 mol) of urea, 2.33 g (12 mmol) of 4-nitrophthalimide, and 0.015 
g (0.013 mmol) of ammonium molybdate was thoroughly grounded in an 
agate mortar. The mixture was then transferred into a 100 mL round bottom 
flask equipped with an air condenser. The mixture was occasionally stirred 
with a glass rod while being heated on a sand bath at 180°C for 3 hours. 
After the completion of the reaction, the crude black product was refluxed for 
30 minutes in 50 mL of 1M hydrochloric acid solution. Subsequently, the 
black product was filtered and rinsed with distilled water until reaching a 
neutral pH. Further, the precipitate was refluxed with a 1M NaOH solution, 
followed by filtration and thorough washing with ample amounts of distilled 
water. The acid-base treatment was reiterated thrice. The precipitate was 
further purified by refluxing in a 1:1 (v/v) mixture of acetone and acetonitrile 
for one hour. After that, the mixture was filtered and the resulting solid was 
washed with distilled water. The product was subjected to a final purification 
step by refluxing it in a mixture of tetrahydrofuran and chloroform 1:6 (v/v) for 
one hour. After hot filtration, it resulted the formation of a blue or green-
metallic precipitate (1.36g, 60% yield for C32H12N12O8Zn (3a), 1.09g, 48% 
yield for C32H12N12O8Cu (3b), 1.17g, 52% yield for C32H12N12O8Co (3c), 
1.08g, 46% yield for C32H12N12O8Sr (3d)).  

b) Procedure in 1-pentanol 

In a 100 mL round flask with three necks, fitted with a reflux condenser, 
a thermometer, and an argon source to maintain the reaction in an inert 
atmosphere, 0.95 g (5.5 mmol) of 4-nitrophthalodinitrile, 20 mL of 1-pentanol, 
and 1.4 mmol of metal acetate (copper(II)acetate, zinc(II) acetate, strontium(II) 
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acetate, cobalt(II) acetate) and 0.5 mL (3.34 mmol) of DBU were added. The 
reaction mixture was heated at 140°C for 24 hours in an oil bath upon stirring 
under an inert atmosphere. After the completion of the reaction, the solvent 
was distilled, and the crude product underwent the identical purification steps 
outlined above in the solvent-free synthesis (0.54g, 52% yield for 
C32H12N12O8Zn (3a), 0.40g, 38% yield for C32H12N12O8Cu (3b), 0.22g, 21% 
yield for C32H12N12O8Co (3c), 0.28g, 26% yield for C32H12N12O8Sr (3d)).  
MS (MALDI-TOF/TOF) m/z: 757.900 calcd. for C32H12N12O8Zn, found: 
757.918; 756.060 calcd. for C32H12N12O8Cu found: 755.540; 751.450 calcd. for 
C32H12N12O8Co found: 751.421; 779.996 calcd. for C32H12N12O8Sr found: 778.196. 
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SYNTHESYS AND CHARACTERIZATION OF  
SILVER-DOPED HYDROXYAPATITE 
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ABSTRACT. Different preparation methods of Ag-doped hydroxyapatite 
were compared and an efficient solid-state reaction-based method was 
developed for the synthesis of silver doped-hydroxyapatite using AgNO3 as 
silver source. The obtained nanomaterial was characterized by SEM, EDS 
and XRD measurements. By this method 10% silver was detected in the 
structure of the hydroxyapatite. 
 
Keywords: hydroxyapatite, silver, silver-doped hydroxyapatite, wet precipitation 
method, solid state method  

 
 
 
INTRODUCTION 
 

The globally increasing antibiotic-resistant infections drove the interest 
toward developing alternative bactericidal materials [1]. 

Silver is a highly effective natural antibacterial agent that can interact 
with a wide range of organisms such as viruses [2], bacteria [3] and fungi [4]. 
It has excellent biocompatibility, satisfactory stability and low toxicity to 
mammalian cells [5]. Due to these properties, silver nanoparticles appear in 
surgical instruments, medical catheters, antimicrobial dressings [6], but it can 
also be observed in many consumer articles such as cosmetics [7], detergents 
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[8], air and water filters [9], and various textiles. In the past years during the 
pandemic silver’s antiviral property was intense studied and found to be 
affective against SARS-CoV-2 [10], [11], [12]. 

Hydroxyapatite (HAP) is a calcium phosphate similar to human bone 
and teeth [13]. It has outstanding properties such as bioactivity, biocompatibility, 
osteoconductivity and affinity to biopolymers [14]. Hydroxyapatite is also nontoxic 
and has a non-inflammatory [15] non-allergenic, non-mutagenic nature [16]. 
Due to these unique properties, hydroxyapatite has got a variety of applications 
as biomedical material. It has been successfully applied in orthopedics, 
dentistry, ophthalmology, traumatology and maxillofacial surgery [17], but it is 
also used in medical devices [18] or in drug delivery systems [19]. The synthesis 
of HAP can be achieved by dry, wet and high temperature methods. The size, 
morphology and crystalline phase of the calcium phosphate will be different in 
case of the used synthesis method, which will affect the hydroxyapatite’s 
properties [20]. It is important for hydroxyapatite-based nanomaterials used 
as implants to possess antibacterial properties; thus, the synthesis of silver 
doped nanomaterials is gaining more and more interest. The treatment 
duration can be reduced by the antibacterial effect, the efficacy of the implant 
can be thus improved. Silver can be incorporated in biomaterials including 
hydroxyapatite in its many oxidation states [21]. 

Among the most used processes the simple wet precipitation method 
is which, facilitates the incorporation of silver into the apatite structure. 
Although this method has advantages on industrial scale [22] the presence 
of potential impurities due to various ions manifested in aqueous solution can 
be a drawback. 

Several wet methods were implied for doping hydroxyapatite with 
silver. Ciobanu et al. [23] used the coprecipitation method for synthesizing 
silver-doped hydroxyapatite. They studied its antimicrobial and antibacterial 
activity against fungi and bacteria. The same approach was used by Lim et 
al. [24] for the synthesis of silver decorated HAP. A low temperature ion-
exchange technique was also used for the preparation of nano silver loaded 
hydroxyapatite [25]. Plasma spraying method was also used for doping 
hydroxyapatite with silver oxide [26]. Vukomanovic et al. [27] developed a 
sonochemical method for the growth of silver nanoparticles in combination 
with hydroxyapatite to form composites. Sol-gel approaches were used for 
doping hydroxyapatite with silver, Chen et al. evaluated the antibacterial property 
of Ag containing hydroxyapatite film on titanium surfaces obtained by this 
method [28]. 

Ag-doped hydroxyapatite was also prepared using microwave assisted 
synthesis [29], or ion beam-assisted deposition. 
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Based on our previous successful incorporation of doxycycline in 
HAP structure [30] in order to further enhance the antibacterial property of 
hydroxyapatite, the aim of the present study is the incorporation of silver in the 
structure of HAP using different methods and to compare the effectiveness 
of these methods. 

 
 

RESULTS AND DISCUSSION 
 
The aim of the study was a critical comparison of different methods 

for the synthesis of silver doped hydroxyapatite and the characterization of 
the obtained product.  

In recent years, a variety of methods have been used for the synthesis 
of silver doped hydroxyapatite, such as hydrothermal, sol-gel, mechanochemical, 
ultrasonic and combustion processing. In all our attempts hydroxyapatite 
was prepared by wet precipitation method, a process efficiently controlled. 
Hydroxyapatite was prepared using Ca(NO3)2 and (NH4)2HPO4. The calcium 
nitrate to diammonium phosphate ratio (Ca/P) was1.67. During the preparation 
process the pH of the solution was maintained at 11 and for doping with Ag, 
different methods were used. Table 1 contains the obtained products and 
their naming.  

 
Table 1. Methods used for the synthesis of silver-doped hydroxyapatite  

and the naming of the obtained products 
 

NR. METHOD SILVER SOURCE 
LABELING 

Calcined Non-calcined 
1 Wet precipitation Colloidal silver C-Ag-HAP-cal C-Ag-HAP 
2 Wet precipitation AgNo3 Ag-HAP-cal Ag-HAP 
3 Wet precipitation Silver complex Co-Ag-HAP-cal600 

Co-Ag-HAP-cal800 
Co-Ag-HAP-noncal 

4 Solid state AgNO3 - Sp-Ag-HAP 
 

1. In our first attempt colloidal silver was used as silver source, which 
was obtained from AgNO3 solution and NaBH4. The silver colloid was added 
to the hydroxyapatite solution and the reaction mixture was stirred continuously 
for 24 hours at room temperature. The silver doped HAP nanoparticles were 
dried at 200oC and half of the sample was calcined at 1000oC. The obtained 
nanoparticles were characterized by different physical-chemical methods. 
The morphology, particle size and chemical elemental composition of silver-
doped HAP were observed by scanning electron microscopy coupled with 
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energy-dispersive X-ray diffraction (SEM/EDS). XRD measurements were 
also used for the analysis of the materials.The XRD spectra of the obtained 
nanomaterial is shown in Figure 1. For the non- calcined material (C-Ag-HAP) 
as well for the sintered (C-Ag-HAP-cal) the spectra shows the signal for 
hydroxyapatite and for the Ca(NO3)2,, but the signal for the silver cannot be 
observed.  

 
 

Figure 1. XRD diffractograms of (a) C-Ag-HAP and (b) C-Ag-HAP-cal 
 

 EDS measurements were also performed for both obtained samples 
(Figure 2 and Figure 3): Large amounts of carbon, phosphorus and oxygen 
can be seen, but there the silver is not present in the samples.  
 

 
 

Figure 2. EDS measurements for the C-Ag-HAP 
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Figure 3. EDS measurements for the C-Ag-HAP-cal 
 
 

2. In our next attempt for obtaining silver doped hydroxyapatite AgNo3 
was used as silver source. The solution of AgNO3 was added to the solution of 
calcium nitrate tetrahydrate. To the resulting solution, the diammonium hydrogen 
phosphate solution was added using a peristaltic pump. The pH of the solution 
was adjusted to 11 and stirred continuously for 24 hours at room temperature. 
After the reaction time, the mixture was filtered under vacuum, washed with 
deionized water, dried at 200oC, and half of the sample was calcined at 1000oC 
(Ag-HAP and Ag-HAP-sint). These materials were also tested with XRD, but 
the results only show the signals for the hydroxyapatite both for the non-
calcined and calcined materials (Figure 4). 

 
Figure 4. XRD diffractograms of (a) Ag-HAP and (b) Ag-HAP-cal 
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 EDS analysis was also performed, but the silver could not be detected 
(Figure 5 and 6). 
 

 
 

Figure 5. EDS spectra of Ag-HAP 
 

 
 

Figure 6. EDS spectra of Ag-HAP-cal 
 
3. Further a diamine-silver hydroxide complex was used as silver 

source in order to incorporate the silver in the structure of the hydroxyapatite. 
For the preparation of the complex AgNO3 solution was prepared and then 
ammonia solution was added until the silver oxide precipitated. The solution 
was centrifuged, the liquid phase removed, and the silver oxide was redissolved 
in 25 % ammonia solution (Scheme 1). 

 
3 3 2 2 4 3

2 3 2 3 2

2AgNO +2NH H O Ag O+2NH NO

Ag O+4NH H O 2 Ag(NH ) OH

⋅ →

 ⋅ →    
 

Scheme 1. Preparation of the silver complex  
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 The solution of the formed complex was mixed with the solution of the 
hydroxyapatite. The pH of the reaction mixture was adjusted to 11 with ammonia 
solution, stirred continuously for 24 hours at room temperature, filtered, washed, 
dried and the resulting sample was then divided into three parts. The first sample 
was not calcined (Co-Ag-HAP-noncal), while the second and third samples 
were calcined at 600oC for 1 hour (Co-Ag-HAP-sint600). Afterwards, the third 
sample was calcined at 800oC for another 1 hour (Co-Ag-HAP-sint800). XRD 
spectra show no evidence of silver in the samples (Figure 7). 

Figure 7. XRD diffractograms of (a) Co-Ag-HAP-noncal, (b) Co-Ag-HAP-cal600, 
and (c) Co-Ag-HAP-cal800 

 
 EDS measurements are in accordance with the XRD spectra, the amount 
of silver cannot be detected on the synthesized nanomaterials (Figure 8, 9, 10).  
 

 
 

Figure 8. EDS spectra of Co-Ag-HAP-noncal 
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Figure 9. EDS spectra of Co-Ag-HAP- cal600 
 
 
 

 
 

Figure 10. EDS spectra of Co-Ag-HAP- cal800 
 
 
 Although there are several examples in the literature which report the 
successful incorporation of silver into the hydroxyapatite’s structure with the 
above described methods, we could not reproduce their results. According 
to Rajendran et al. silver cannot be incorporated into the hydroxyapatite’s 
structure at pH 11 [31]. The article reports that systematic studies have been 
carried out to understand the effect of pH on silver precipitation in Ag-HAP 
nanomaterials. They concluded that silver can only precipitate on HAP if the 
pH of the mixing solution is 9 or below, but stable and pure HAP can only be 
synthesized at pH above 9. 
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4. Therefore, the solid-state method was tested for the preparation of 
silver doped hydroxyapatite.  

Pure apatite was synthesized as earlier described. AgNO3 was used 
as silver source which was added to the hydroxyapatite powder. The resulting 
mixture was calcined at 500oC for 1 hour and then 800 oC for 1 hour (Sp-Ag-
HAP). After calcination, the previously white sample turned brown. Using this 
method, on the XRD spectra also the silvers’ signal is visible (Figure 11). The 
EDS analysis revealed 10% silver in the hydroxyapatite structure (Figure 12).  

Figure 11. XRD diffractograms of Sp-Ag-HAP  
 

 
 

Figure 12. EDS spectra of Sp-Ag-HAP 
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The surface and the morphology of the obtained nanoparticles were 
also investigated with scanning electron microscopy (Figure 13). From the 
obtained images the Ag-hydroxyapatite granules and their rounded shape 
can be observed which were obtained by the sintering process. 

 

 

Figure 13. SEM images of the Sp-Ag-HAP nanoparticles 
 
 

The EDS layered images are in accordance with the previously described 
observations, on the spectra of C-Ag-HAP (which was chosen as representative 
for the unsuccessful reactions), no silver can be observed, while the spectra 
of Sp-Ag-HAP reveal also the presence of silver (Figure 14).  

 

 

Figure 14. EDS images for (A) C-Ag-HAP and (B) Sp-Ag-HAP 
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CONCLUSIONS 
 

In the present study our aim was the comparison of the methods used 
for the preparation of Ag-doped HAP. For this purpose, several methods (some 
of them can be also found in the literature) were employed using silver from 
different sources (colloidal silver, silver nitrate or silver complex). The obtained 
nanoparticles were characterized by SEM, EDS and XRD measurements. 
The solid-state method using AgNO3 as silver source enabled the highest 
incorporated silver amount (10%). The obtained nanomaterial (Sp-Ag-HAP) 
could have potential application as a novel antimicrobial material. 
 
 
EXPERIMENTAL SECTION 
 

Materials 
Chemicals 

Calcium nitrate tetrahydrate (Ca(NO3)2.
.4H2O, (purity ≥ 99%), 

diammonium hydrogen phosphate (NH4)2HPO4, (purity ≥ 98.0%), ammonia 
solution (25%) were purchased from Carl Roth GmbH (Germany). Silver 
nitrate (AgNO3, purity ≥ 99%) and sodium borohydrate (NaBH4 , purity ≥ 98%) 
are products of Sigma-Aldrich. All other reagents were of analytical grade 
(Merck, Germany) and used without further purification. 

Equipments 

 The morphology, particle size and chemical elemental composition of 
silver-doped HAP were observed by scanning electron microscopy coupled 
with energy-dispersive X-ray diffraction (SEM/EDS). An Apreo SEM (Thermo 
Fisher, USA) equipped with Octane Elect EDS (AMETEK, USA) was used at 
20.0 kV. The crystal structure was identified by X-ray diffraction (Bruker D8 
Advance, Germany) with CuKα radiation (λ=1.54060 Å) operated at 40 kV 
and 40 mA.  
 The XRD analysis was performed on a Shimadzu XRD 6000 (Japan) 
using CuKα radiation at 40Kv, 30mA, at λ=1.542 Ẳ. X-Ray images were 
prepared for each material. The red lines indicate the characteristic signs of 
the HAP crystals 25,8 32,05 39,84 46,78 49,53 53,13 63,97. The spectrum 
was identified by the ICPDS 09-0432 code in database.  
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Methods 
Wet precipitation methods 

1. Synthesis of colloidal silver-doped hydroxyapatite (C-Ag-HAP,  
C-Ag-HAP-sint) 
For the synthesis of colloidal silver-doped hydroxyapatite the first step 

consisted of preparation of the silver source. 2 mL of an 1mM AgNO3 solution 
cooled on ice was added to 30mL solution of NaBH4 (2mM). 
 Hydroxyapatite was prepared according to our previously reported 
method [32],[33]. For preparation of HAP nanoparticles a 0.09M (NH4)2HPO4 
(250mL, pH 11) was added to a 0.15M Ca(NO3)2 (250mL, pH 11) solution 
using a peristaltic pump with a flow rate of 25mL/min. The colloidal silver 
solution was added to the hydroxyapatite solution and the reaction mixture 
was stirred for 24 hours at room temperature. pH 11 was maintained for the 
whole reaction time. After completion of the reaction, the mixture was filtered 
under vacuum and washed with deionized water (3x 50mL). The obtained 
silver doped HAP nanoparticles (C-Ag-HAP) were dried at 200℃ for 12 
hours. Part of the obtained sample was calcined at 1000℃ (C-Ag-HAP-sint).  

2. Synthesis of AgNO3 doped Hydroxyapatite (Ag-HAP, Ag-HAP-sint) 
 The solution of 0.015M AgNO3 (25mL) was added to the solution of 
0.135 M calcium nitrate tetrahydrate (225mL). The resulted mixture was 
sonicated for 10 minutes, then a solution of 0.09 M of diammonium hydrogen 
phosphate solution (250mL) was added using a peristaltic pump (25 ml/min). 
The pH of the solution was adjusted to 11 and stirred continuously for 24 hours 
at room temperature. After the reaction time, it was filtered under vacuum, 
washed with deionized water, dried at 200℃ for 12 hours, and part of the 
sample was calcined at 1000℃. 

3. Preparation of silver complex-doped hydroxyapatite (Co-Ag-HAP-
noncal, Co-Ag-HAP-cal600oC, Co-Ag-HAP-cal800oC) 

 For the preparation of the diamine-silver hydroxide complex, into the 
solution of AgNO3 in ammonia (25%) was added until the precipitation of 
silver oxide. The mixture was centrifuged and the obtained silver oxide was 
redissolved in 5mL of ammonia solution (25%).  

Hydroxyapatite was prepared as described in section 1. To the solution 
of calcium nitrate tetrahydrate and diammonium hydrogen phosphate the silver 
hydroxide solution was added. The pH of the reaction mixture was adjusted 
to 11 with ammonia solution, stirred continuously for 24 hours at room 
temperature, filtered, washed, dried and the resulting sample was then divided 
into three parts. The first sample was not calcined Co-Ag-HAP-noncal, while 
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the second and third samples were calcined at 600℃ Co-Ag-HAP-sint600oC 
for 1 hour. The third sample was calcined at 800℃ for another 1 hour (Co-Ag-
HAP-cal800oC). 
 

Solid state method 

Preparation of the solid phase Ag-Hap (Sp-Ag-HAP) 
 The preparation of the hydroxyapatite was achieved using the steps 
described in section 1. For preparation of HAP nanoparticles a 0.09M 
(NH4)2HPO4 (pH 11) was added to a 0.15M Ca(NO3) (pH 11) solution using 
a peristaltic pump with a flow rate of 25mL/min. The reaction mixture was 
stirred for 24 hours at room temperature. pH 11 was maintained for the whole 
reaction time. After completion of the reaction, the mixture was filtered under 
vacuum and washed with deionized water. 

1.1 g of the obtained hydroxyapatite and 0.22g of AgNO3 were 
crushed to a fine powder in an Agate mortar, and the resulting powder was 
calcined at 500℃ (1 hour) and then 800℃ (1 hour). After calcination, the 
previously white sample turned brown. 
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ABSTRACT. This paper shows the results of thermal and catalytic pyrolysis of 
conditioned lignosulfonate from the sulfite process, with a specific focus on the 
analysis of bio-oil and biochar. The conditioning of lignosulfonate was made by 
drying and grinding in a planetary ball mill. Thermal and catalytic pyrolysis of 
conditioned lignosulfonate were carried out under the same temperature and 
flow conditions. The use of two different catalysts produced via the impregnation 
method has shown distinctive effects, influencing both bio-oil yield and chemical 
composition. The resulting biochar exhibits characteristics comparable to non-
activated carbonaceous materials, with variations in its specific surface area and 
pore size depending on the catalyst.  
 
Keywords: catalytic pyrolysis, lignosulfonate, sulfite process, bimetallic catalyst 

 
 
 
INTRODUCTION 

 
Catalytic biomass pyrolysis is a promising technology for the efficient 

utilization of biomass, converting it into high-quality liquid fuels and chemicals 
in a single reactor and through a single step [1-3]. In the absence of oxygen, 
at high temperatures, organic matter undergoes thermochemical decomposition 
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known as pyrolysis or destructive distillation, resulting biochar, liquid part bio-
oil and gases [4]. The term “pyrolysis” has its roots in the Greek language, where 
“pyro” means “fire,” and “lysis” translates as “separation” [5]. 

In the pursuit of valorizing secondary streams from industrial processes, 
pulp and paper mills are striving to optimize their biomass utilization. Spent sulfite 
liquor, also known as red liquor, constitutes a waste byproduct of the sulfite 
process employed in cellulose production from lignocellulosic biomass [6]. 
This biomass, a fundamental resource for paper and regenerated cellulose 
fiber manufacturing, undergoes a sulfite-based treatment to yield high-quality 
cellulose through lignin and hemicellulose removal [7-8].  

The resultant red liquor is notably rich in monomeric sugars and 
lignosulfonates, historically exploited as a substrate for industrial-grade ethanol 
production [9]. 

Pyrolysis involves the rapid and simultaneous depolymerization and 
fragmentation of biomass components such as cellulose, hemicellulose, and 
lignin, bio-oil is generated [10]. The resulting pyrolysis oil, also known as bio-
oil, can be obtained with impressive yields of up to 70-80% by weight, 
contingent upon the proportions of cellulose and lignin present in the wood 
material [11]. Bio-oil, a microemulsion, consists of two phases: one is an aqueous 
solution containing decomposition products of cellulose, hemicellulose and 
smaller molecules from lignin decomposition, while the other primarily comprises 
pyrolytic lignin macromolecules [12]. 

Due to the significant content of oxygenated compounds, particularly 
lignin derivatives, bio-oils possess relatively low heating values, exhibit 
inherent instability, high viscosity, low volatility, and corrosive properties. As 
certain lignin oligomers resist vaporization during pyrolysis, comprehensive 
identification of all compounds using GC-MS analysis, poses challenges [13-15]. 
Consequently, the upgrading of bio-oil is necessary to improve its properties 
prior to utilization [16-17]. 

The solid residue produced during pyrolysis, known as biochar, 
primarily comprises carbon (approximately 85%), along with oxygen and hydrogen. 
It retains a significant portion of the inorganic components found in the original 
biomass [11]. Biochar holds considerable value as a by-product and can serve 
various purposes, including as a solid fuel for boilers, utilized in processes 
such as steam reforming or thermal cracking to generate hydrogen or syngas 
[18-19] and as a medium for filtering and adsorbing both organic and inorganic 
pollutants [3, 20-22]. 

Catalytic pyrolysis of lignosulfonate from the sulfite process for the 
production of aromatic compounds such as BTX (benzene, toluene, xylene) 
has been conducted using modified H-ZSM-5 zeolite catalysts with Ga, Mo, and 
Zn in microreactors under inert gas atmosphere, as reported in literature [23-24]. 
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However, the catalysts’ lifespan is limited due to carbonaceous material formation. 
The irreversible deactivation of the acidic sites by inorganic cations (Na+, K+, 
Ca2+) present in high concentrations in the feedstock poses a significant 
challenge, leading to decreased acidity and subsequently lower conversion 
to aromatic compounds [25]. 

In co-processing studies of lignosulfonate and plastic waste (polyolefins 
and polystyrene) in fluidized bed reactors, catalysts for olefin cracking, 
catalytic cracking catalysts (such as ZSM-5), and gamma-alumina have been 
employed [26-27].  

Catalytic pyrolysis of lignin in the presence of catalysts such as NiO, 
MoO2, and Co3O4 has the potential to inhibit bio-char formation and enhance 
the properties of bio-oil by reducing the concentration of oxygenated compounds 
hours [28-29]. The addition of catalysts leads to increased bio-oil yield, particularly 
in the presence of 10% added hydrogen in the inert atmosphere. The bio-oil 
yield increased by 26.38% through catalytic pyrolysis using Co3O4 catalyst in 
an H2/N2 atmosphere [30]. 

This paper presents innovative processes for lignosulfonate process 
by pyrolysis. Catalytic pyrolysis was carried out in the presence of new 
catalysts obtained by the impregnating method of Mo and Ni precursors on 
alumina support. The study explores the potential of catalytic pyrolysis as a 
conversion method for transforming lignosulfonate from sulfite process into 
valuable products. 
 
 
RESULTS AND DISCUSSION 

 
Lignosulfonate characterization 
 
The lignosulphonate used in the experimental programme was derived 

from waste liquor generated during the production of wood pulp through the 
sulphite process. The raw lignosulfonate sample was analyzed by determining 
the dry matter content after water removal, ash content (calcination residue) 
and thermal analysis (thermogravimetric analysis TGA). 

Table 1. Characterization of lignosulfonate samples 

Sample Dry substance content, 
% 

Calcination residue, 
% pH 

Lignosulfonate 52.56 37.54% 8.20 (25ºC) 
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The thermogravimetric analysis shows the thermal behavior of the 
sample, revealing distinct mass loss patterns at various temperature ranges. 
Initially, a mass loss of 6.05% is observed up to 140ºC, which can be attributed 
to the presence of water and volatile components in the sample. Subsequently, 
within the temperature range of 180-550ºC, the mass loss curve exhibits 
three distinct peaks at 218.3ºC, 270.4ºC, and 395.0ºC. These peaks correspond 
to the decomposition of hemicellulose and lignin [31]. The cumulative mass 
loss associated with these peaks yields an organic matter content of 37.48% 
within the solid portion of the sample lignosulfonate. Furthermore, the residue 
obtained at 750ºC under ambient air conditions is recorded as 47.61%. 

 
Figure 1. Thermogravimetric analysis of lignosulfonate 

 
 
Conditioning lignosulfonate samples 
 
The lignosulfonate samples were conditioned before pyrolysiss by drying 

in a circulating air oven and then grinding in a planetary ball mill.  
The resulting lignosulfonate powder was analyzed by DLS method 

(dynamic light scattering) to evaluate the particle size of lignosulfonate and 
size distribution. The lignosulfonate particles are polydisperse, forming large 
aggregates, the results being presented in table 2 and figure 2. 

Table 2. Characteristics of lignosulfonate particles 

Sample Dm (nm) PdI Observations 

Lignosulfonate  1337 0.820 Polydisperse, contains numerous large 
aggregates, with dimensions > 6µm 
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Figure 2. Particle size distribution as a function of intensity 

 
 
Catalyst characterization 
 
The structural characteristics of the catalysts were examined using 

nitrogen porosimetry and are presented in Table 3. Prior to analysis, the 
catalyst samples were subjected to a vacuum degassing process for 4 hours 
at 160ºC. The resulting catalysts are mesoporous materials with pore 
diameters ranging from 4 nm to 10 nm. 

Table 3. Characteristics of catalysts 

No. Catalyst  
name 

Specific surface, 
m2/g 

Total pore volume, 
cm3/g 

Average pore diameter, 
nm 

2 Mo/Al2O3 157.3 0.244 6.207 
3 NiMo/Al2O3 236.8 0.2839 4.795 

 
 
Thermal pyrolysis of lignosulfonate 
 
The analysis of the bio-oil obtained by thermal pyrolysis of conditioned 

lignosulfonate is presented in Table 4 and Figure 3. The GC-MS chromatogram 
shows a multitude of peaks. The liquid phase’s composition show the presence 
of oxygenated compounds with an aromatic structure - phenols and substituted 
phenols, linear and cyclic oxygenated aliphatic compounds, including carbonyl 
compounds, acids, and alcohols.  
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Table 4. GC-MS analysis of bio-oil pyrolysis of lignosulfonate without catalyst 

Peak  
Number 

Retention  
Time 

Compounds name 

1 5.335 2-Butanone, 3-hydroxy- 
2 5.551 Acetic anhydride 
3 6.460 2-Hepten-1-ol, (E)- 
4 7.322 Acetic acid 
5 7.561 2-Propanone, 1-(acetyloxy)- 
6 9.484 Butanoic acid 
7 9.907 Furfuryl alcohol 
8 11.415 1,3-Cyclopentanedione, 2,4-dimethyl- 
9 11.495 Cyclohexanone, 2-acetyl- 

10 11.822 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 
11 12.029 Cyclohexanone, 2-acetyl- 
12 12.173 Phenol, 2-methoxy- 
13 13.649 Phenol 
14 16.146 Phenol, 2,6-dimethoxy- 
15 19.473 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 
16 23.646 Desaspidinol 

 
Figure 3. Chromatogram of bio-oil pyrolysis of lignosulfonate without catalyst 

 

The porosimetry data of biochar was obtained by nitrogen adsorption 
measurements with NOVA 2200e-Quantachrome apparatus. The obtained 
results showed that pyrolyzing the residues yields carbonaceous materials 
characterized by a reduced specific surface area and pore volume, yet retaining 
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adsorption capabilities for chemical compounds. Conversely, biochar possessing 
an increased surface area is considered more porous, which makes it appropriate 
for applications like water treatment and environmental remediation [32-33]. 

Table 5. Porosimetry characteristics of biochar 

No. Sample name Specific surface, 
m2/g 

Total pore volume, 
cm3/g 

Average pore 
diameter, nm 

1 Biochar 1.982 0.0045 9.101 

 
 
Catalytic pyrolysis of lignosulfonate 
 
The GC-MS analysis of the bio-oil produced using Mo/Al2O3 are 

shown in Table 6 and Figure 5. The homogenization of the catalyst and 
conditioned lignosulfonate particles was done by grinding them together in 
the planetary ball mill. 
 

Table 6. GC-MS analysis of bio-oil pyrolysis in the presence of Mo/Al2O3 

Peak Number Retention Time Compounds name 
1 4.745 2-Butanone, 3-hydroxy- 
2 4.929 2-Propanone, 1-hydroxy- 
3 5.567 Furan, 3-methyl- 
4 6.253 Acetic acid 
5 6.684 1,2-Ethanediol, diacetate 
6 7.474 Propanoic acid 
7 7.681 2-Cyclopenten-1-one, 2,3-dimethyl- 
8 8.511 Butanoic acid 
9 10.434 1,3-Cyclopentanedione, 2,4-dimethyl- 

10 11.192 Phenol, 2-methoxy- 
11 12.644 Phenol 
12 12.915 Phenol, 4-ethyl-2-methoxy- 
13 15.174 Phenol, 2,6-dimethoxy- 
14 15.892 Phenol, 4-methoxy-3-(methoxymethyl)- 
15 16.370 Benzene, 1,2,3-trimethoxy-5-methyl- 
16 18.477 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 
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Figure 4. Chromatogram of bio-oil pyrolysis in the presence of Mo/Al2O3 

 

 
Figure 5. Chromatogram of bio-oil pyrolysis in the presence of Ni-Mo/Al2O3 

 

 

A catalytic pyrolysis was performed using a nickel and molybdenum 
based bimetallic catalyst. The results acquired through GC-MS analysis of 
the bio-oil are shown in Table 7 and Figure 6. This bio-oil analysis resulting 
from catalytic pyrolysis shows the presence of numerous aromatic compounds, 
compared to conventional pyrolysis. This enhancement can be attributed to 
the catalytic active sites that facilitate the deoxygenation of compounds within 
the lignosulfonate [34-35].  
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Table 7. GC-MS analysis f bio-oil pyrolysis in the presence of Ni-Mo/Al2O3 

Peak 
Number 

Retention  
Time   Compounds name 

1 6.317 Acetic acid 
2 6.628 2-Propanone, 1-(acetyloxy)- 
3 7.649 2-Cyclopenten-1-one, 2,3-dimethyl- 
4 7.872 2-Propanone, 1-hydroxy- 
5 8.088 Propylene Glycol 
6 8.503 Butanoic acid 
7 8.910 2-Furanmethanol 
8 10.130 Acetamide 
9 10.418 1,3-Cyclopentanedione, 2,4-dimethyl- 

10 11.176 Phenol, 2-methoxy- 
11 12.205 1,2,3 Trimethoxybenzene 
12 12.636 Phenol 
13 13.378 Phenol, 2,4-dimethyl- 
14 14.710 Phenol, 2-ethyl-4-methyl- 
15 15.173 Phenol, 2,6-dimethoxy- 
16 15.524 Phenol, 2,6-dimethoxy-, acetate 
17 15.883 1,2,4-Trimethoxybenzene 
18 16.362 Benzene, 1,2,3-trimethoxy-5-methyl- 
19 18.333 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- 
20 18.460 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 
21 19.099 Phenol, 2,6 - dimethoxy -4-(2-propenyl) 

 
Utilizing GC-MS analysis, it was found that the liquid phase includes 

oxygenated compounds characterized by aromatic structures, phenolic compounds, 
furans, substituted benzene and linear/cyclic aliphatic oxygenated compounds - 
carbonyl compounds and organic acids. It was observed that the presence 
of a Mo-based catalyst during pyrolysis resulted in a higher concentration of 
organic acids and a higher concentration of furanic compounds compared to 
a Ni-Mo based catalyst. The obtained results supports the findings reported 
in the literature [36]. Molybdenum-based catalysts exhibit C-C bond cleavage in 
the side chains, leading to significant production of carboxylic compounds [37-38]. 
Adding nickel, in contrast, suppresses the reaction between aromatics and other 
oxygenated substances, yielding a variety of alkylated aromatic compounds 
[39-40]. 
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Table 8. Overview of the results from pyrolysis experiments 

Identified compounds Without catalyst Mo catalyst, % Ni-Mo catalyst, % 

Furanic compounds 1.15 0.99 0.48 

Aliphatic ketones 15.77 6.47 7.77 

Organic acids 15.42 24.03 17.29 

Phenolic compounds 62.17 66.46 68.76 

Other compounds 5.49 2.06 5.70 
 

Table 9 below shows the characteristics of biochar, which has similar 
attributes of non-activated carbons. Moreover, the presence of molybdenum-
based catalysts during pyrolysis reactions partially contributes to the destruction 
of the biochar’s micropores. Bimetallic catalysts often display a synergistic 
effect, significantly increasing the pyrolysis reaction, especially when compared 
to monometallic catalysts [41]. The pyrolysis with bimetallic catalysts resulted 
in materials with higher specific surface area and pore volume compared to 
the use of monometallic catalysts (approximately 7 times larger), accompanied 
by a 50% reduction in average pore size. 
 

Table 9. Porosimetry analysis of biochar 

No. Catalyst Specific 
surface, m2/g 

Total pore 
volume, cm3/g 

Average pore 
diameter, nm 

1 Biochar with Mo/Al2O3 catalyst 0.40 0.0020 20.19 
2 Biochar with Ni-Mo/Al2O3 catalyst 15.59 0.0269 6.90 

 
 
CONCLUSION 

 
This study presents the conditioning of lignosulfonate from the sulfite 

method used in the production of cellulose from lignocellulosic biomass and 
thermal and catalytic pyrolysis of conditioned lignosulfonate, focusing on the 
production and analysis of bio-oil and biochar. The obtained results provide 
valuable insights into the impact of catalytic pyrolysis of lignosulfonate and 
its potential applications. The utilization of molybdenum and nickel-molybdenum 
catalysts showcased distinctive effects on the bio-oil yield, chemical composition 
and product distribution. The GC-MS analysis revealed various compounds, 
including oxygenated species like phenols, furans, aliphatic compounds, and 
carbonyl compounds within the liquid phase of the bio-oil. Porosimetric analysis 
of the biochar resulting from pyrolysis shows the catalyst’s role in determining 
biochar porosity. The presence of molybdenum catalyst leads to biochar with 
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reduced specific surface area, whereas the utilization of a nickel-molybdenum-
based catalyst substantially enhances it. The effects of using catalytic pyrolysis 
compared to non- catalytic pyrolysis to recycle the lignosulfonate residue and 
to characterise the materials obtained from this process are presented. 
 
 
EXPERIMENTAL PART 

 
Lignosulfonate characterization 
 
The gravimetric method was used to determine the dry substance 

content of lignosulfonate samples. Water was removed from the samples by 
subjecting them to heat in an air circulation oven at 85ºC for 8 hours, followed 
by further heating at 105ºC for 16 hours. Subsequently, the samples were heated 
to 100ºC under a vacuum of 4 mmHg pressure until a constant mass was 
achieved. To assess the pH of lignosulfonate, a portable pH-meter model 1140 
(Mettler Toledo Gmbh-Switzerland) was utilized, with measurements at room 
temperature (25oC).  

For the evaluation of the ash content (calcination residue), the solid 
fraction of the red liquor, obtained through calcination in a furnace, was employed. 
The temperature of the furnace was gradually increased from room temperature 
to 850ºC, with a heating rate of 5ºC/min. Intermediate steps at 250ºC and 
500ºC were incorporated, each lasting 2 hours. The resulting residue was 
then correlated with the dry substance content of the lignosulfonate samples. 

Thermogravimetric analysis (TGA) was performed with a TA Q5000 
(TA Instruments, New Castle, DE, USA). The sample, approx. 17.6 mg - the 
solid part of the red liquor sample, was heated from room temperature to 
750ºC at a heating rate of 10ºC/min in an inert gas (nitrogen) atmosphere at 
a flow rate of 50 mL/min recording mass changes; and switching the inert 
gas with synthetic air at 750ºC to record the residue resulted in air. 

 
Conditioning of lignosulfonate 
 
The lignosulfonate samples were conditioned in two steps before 

pyrolysiss. First step involve drying in an circulating air oven at 85ºC for 8 hours, 
followed by heating at 105ºC for 16 hours. 

Second step was grinding of lignosulfonate in a planetary ball mill, 
Retsch PM100 from Retsch GmbH, Haan, Germany, with Φ10mm stainless 
steel balls in a 125 ml stainless steel grinding jar.  

The measurement of lignosulfonate particles was conducted using a 
particle size measurement system comprising a Zetasizer Nano ZS instrument 
(Red badge) from Malvern Instruments Ltd.,UK, and a computer with Zetasizer 
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software for sample measurement control. The Zetasizer Nano instruments 
perform particle size measurements using the technique Dynamic Light 
Scattering (DLS) [42]. This measures fluctuations in the intensity of scattered 
light and uses these fluctuations to calculate the size of the particles in the 
sample. DLS measures Brownian motion and correlates it with particle size. 

Particles suspended in a liquid undergo continuous movement due to 
Brownian motion, so smaller particles move faster and larger particles move 
slowly. When larger particles, which move more slowly, are measured, the 
intensity of scattered light will vary gradually. Similarly, for smaller particles, 
since they move very quickly, the intensity of scattered light will also fluctuate 
rapidly [42-44]. For the DLS analysis the samples were prepared as follows: 
0.2 mL sample was diluted to the mark with distilled water in a 25 mL 
volumetric flask. For each sample a minimum of 5 measurements were performed 
and the measurement with the values closest to the mean value was selected. 

 
Catalyst preparation and characterization 
 
Catalysts for pyrolysis were prepared in the laboratory through the 

impregnation method.The catalysts were synthesized employing the wet 
impregnation method on the alumina powder support, using aqueous 
solutions of MoO·3H2O and Ni(NO3)2·6H2O. The metallic precursors, dissolved 
in the aqueous ammonia solution, were incorporated into the solutions of 
MoO3·H2O and Ni(NO3)2·6H2O under continuous stirring. Subsequently, the 
resultant mixture was used for the support impregnation at room temperature. 
The impregnated sample was air-dried overnight at room temperature, 
followed by additional drying in a 120°C air circulation oven for 12 hours. The 
last step was calcination in a furnace at 450°C for 5 hours. The prepared 
catalysts were named Mo/Al2O3, and Ni-Mo/Al2O3. 

The textural characteristics of catalysts and biochars were analysed 
by nitrogen adsorption measurements with NOVA 2200e-Quantachrome 
apparatus from Quantachrome Instruments, USA. Analysis of data was conducted 
using NovaWin software ver. 11.03. All the samples were vacuum degassed 
before analysis at 300°C for 4 h.The specific surface area was determined 
through the B.E.T. (Brunauer-Emmett-Teller) method by analyzing the linear 
plot of the adsorption isotherm. Total pore volume and pore size distribution 
were estimated based on the adsorbed N2 quantity. The total pore volume 
was calculated from single-point adsorption at a relative pressure near unity, 
while the average pore diameter was derived from the adsorption average 
pore diameter using the surface area determined through the B.E.T. method. 
  



THERMO-CATALYTIC PYROLYSIS OF LIGNOSULFONATE FROM THE SULFITE PROCESS 
 
 

 
53 

Pyrolysis 
 
The pyrolysis reactor used in processing the lignosulfonate has a 

horizontal, batch-operated configuration, composed of stainless steel, with 
an inner diameter of Ø 25.4mm and a length of 250mm. The reactor integrates 
a thermocouple for internal temperature measurement. For heating, a 
digitally controlled electric oven at external wall thermocouple is employed. 

Before each experiment, inert gas (nitrogen) is purged into the reactor 
to remove oxygen. The pyrolysis reactor was fed with a homogenized mixture 
of lignosulfonate with 1% catalyst, prepared by grinding in a planetary ball mill. 
Figure 7 shows a schematic representation of the pyrolysis reactor, where inert 
gas flow is regulated using a mechanical valve and a flow meter. The resulting 
pyrolysis products undergo cooling in a heat exchanger and subsequently enter 
a gas-liquid separator. The liquid fraction is collected, prepared, and subjected 
to analysis by gas chromatography (GC-MS). 

 

 
Figure 6. Schematic representation of pyrolysis reactor. 1-inert gas cylinder,  

2-flow meter, 3- electric heating oven, 4- pyrolysis reactor, 5-heat exchanger (cooler), 
6- gas-liquid separator, 7-gas container, TC- thermocouple  

and heat display system, GC- gas chromatograph 

The pyrolysis reactions were conducted at 500°C for 4 hours, with the 
reactor ramped up to the operational temperature at a rate of 20°C/min. The 
mixture of conditioned lignosulfonate and catalyst was grinded and subsequently 
introduced into the reactor within ceramic nacelles. The catalyst concentration 
was maintained at 2% (mass) relative to the lignosulfonate mass. 
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Bio-oil characterization 
 
The liquid fraction’s characterization was performed using GC-MS 

analysis with Agilent 7890 A GC-MS/MS TRIPLE QUAD system. A DB-WAX 
capillary column from Agilent (30 m length, 0.25 mm internal diameter, 0.25 
µm film thickness) was utilized, with helium as the carrier gas flowing at 1 
mL/min. The initial oven temperature was 70°C, gradually increased to 230°C 
at a rate of 4°C/min, holding for 5 minutes. The GC injector temperature was 
250°C, while the MS detector was set to 150°C. The transfer line temperature 
was maintained at 280°C. MS detection occurred in the electron ionization (EI) 
mode at 70 eV, with a mass scanning range of m/z 50-450. The NIST MS 
database facilitated peak identification within the analyzed samples. 
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INVESTIGATION OF FERROUS CONGLOMERATE 
PARTICLES FOUND IN CARWASH SLURRY AND  

THEIR ENVIRONMENTAL IMPLICATIONS 
 
 

Simona Elena AVRAMa, Miuta Rafila FILIPb,*,  
Lucian BARBU TUDORANc,d, Gheorghe BORODId,  

Ioan PETEANe,* 
 
 

ABSTRACT. Ferrous particles are usually found in atmospheric particulate 
matters due to the cars chassis oxidation. These particles are able forming 
conglomerates with the other mineral particles. Thus, the investigated carwash 
slurry (CS) reveals a high mineralized composition dominated by Quartz, 
Calcite and clay minerals with significant amount of iron hydroxides. We found 
some unusual bigger particles of ferrous conglomerate (FC) into the CS 
sample. XRD and mineralogical microscopy (MOM) reveal that FC sample is 
formed by a nanostructured mixture of 56 wt.% Calcite and 44 wt.% Goethite. 
SEM images and EDS spectra reveal submicron particles within the FC 
structure with a dense mixture of Ca and Fe. FTIR investigation reveal strong 
absorption bands for goethite and very weak ones for Lepidocrocite within the 
FC sample. The results indicates that the conglomerate weas formed on the 
car chassis rust by wet partial dissolution of calcite that locally forms Ca(OH)2 
which further is re-crystallized as calcite due to the CO2 from the combustion 
gases. Fine crystallites of iron hydroxides are embedded into the re-crystallized 
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calcite. In conclusion, the magnetic selection is recommended for the ferrous 
conglomerate particles removal from CS to be used as natural coverage for of 
urban dump sites rehabilitation.  
 
Keywords: Particulate Matters, ferrous conglomerate, environment 
 

 
 
 
INTRODUCTION  

 
Particulate matter (PM) represents a major environmental concern 

due to their ability to penetrate into the respiratory system and therefore to 
affect living beings’ health [1, 2]. Particles size is one of the most important 
parameter regarding particulate matters. Particles with aerodynamic diameter 
of 10 µm are standardized as PM10; those having 2.5 µm are PM2.5 [3, 4]. 
New environmental trends try to bring on the standards PM1 class with an 
aerodynamic diameter of 1 µm and below. Fact is really difficult because the 
lack on precise quantitative measuring of such finest particles amount [5, 6]. 
Some of the newest research in the field reveals nanostructural fractions 
within particulate matter samples [7 - 9].  

Carwash slurry collects all kind of PM related to the streets traffic and 
reflects the particles movements during suspension – sedimentation – re 
suspension cycles [10, 11]. Thus, a lot of atmospheric suspended particles 
sediments on the cars surface containing significant amounts of PMs’ from PM1 
to PM10. These particles have various sources such as: soil erosion [12, 13] 
generating mostly mineral components and generally associated with street 
dust [10, 14]; some local anthropogenic industrial activities [15, 16] and finally 
one of the most important is the circulating vehicles wear implying chassis rust 
[17, 18] and tires intensive usage [19, 20]. Some research relates ferrous 
conglomerates presence into the street dust due to the mineral particle’s 
interactions with iron hydroxides on the car chassis rust scale evidencing 
embedding mainly small micro sized quartz slivers and traces of clays [9, 21]. 

Present research is focused on some unusual bigger particles of 
ferrous conglomerate found in carwash slurry resulted from a large facility 
deserving all kind of road vehicles such as: cars, buses and heavy lorry which 
circulates on average and long cruises covering the Euro – Region 6 NV in 
Romania. It implicates mainly sedimentary soils specific to the Transylvanian 
Basin based on minerals like: Quartz, Calcite, and clays (e.g. Muscovite and 
Kaolinite) [22, 23]. Large areas within the coverage area are dominated by 
evaporitic formations such as sodium chloride crystallized as Halite [24 – 25].  
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We aim to investigate the physicochemical composition and 
microstructure of these ferrous conglomerate particles and their relation with 
the carwash slurry and their further environmental implications. 
 
 
RESULTS AND DISCUSSION 

 
The mineral composition of the samples was investigated by X – ray 

diffraction (XRD) correlated with mineralogical optical microscopy (MOM) 
assuring a complete view of the mineral distribution within the samples. The 
XRD pattern resulted for carwash slurry sample (CS) is presented in Figure 
1a. It has a profound crystalline nature dominated by very well-developed 
peaks with significant intensities and narrow allure. There are also observed 
some small broadened peaks which may belong to small particles or to some 
nano-crystalline formations. The dominant mineral is Quartz followed closely 
by Calcite, Kaolinite and Muscovite. We notice that cumulative clay amount is 
situated just after Quartz overtaking Calcite position. Some of the clay diffraction 
peaks are intense and narrow indicating presence of large particles but also 
some of them are slightly broadened indicating the presence of fine submicron 
clay particles as well. There were identified relevant peaks for Goethite (e.g. 
α Iron Hydroxide) and some traces of Lepidocrocite (e.g. γ Iron Hydroxide). 
Each mineral amount in CS sample was established by Reference Intensity 
Ratio RIR method measuring relative intensities and minerals corundum 
factor [26, 27]. The obtained values are centralized in Table 1. 

 

 
Figure 1. The XRD patterns for: a) carwash slurry and b) ferrous conglomerate. 
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 The ferrous conglomerate sample (FC) presents a XRD pattern with less 
intense peaks and very broadened due to the presence of nano-crystalline 
structure, Figure 1b. The dominant mineral is Calcite followed by Goethite 
indicating a very strange composition. The usual iron conglomerates found in 
urban street dust related to the cars chassis corrosion are dominated by iron 
hydroxides mixture (e.g. Goethite and Lepidocrocite) which embeds mainly 
quartz fine fresh broken particles and clays traces up to 30 wt. % [9, 21]. 
Now, FC sample has 56 wt.% Calcite and 44 wt.% Goethite according to RIR 
determination, Table 1. It means that Calcite embeds the Goethite crystals. 
Therefore, we calculate the crystallite size using Scherrer Formula [7, 10] 
resulting a mean diameter of 40 nm for Calcite and 60 nm for Goethite. The fact 
is very strange since the usual ferrous conglomerates related to the street 
dust are micro-aggregates instead of nanostructured composition.  
 
 

 
Figure 2. Mineralogical optical microscopy for: a) carwash slurry and b) ferrous 

conglomerate. 
 
 
 Mineral particles distribution within CS sample is observed in the 
MOM image in Figure 2a. Each mineral has its own color nuance allowing 
proper identification and particle size measurement, the obtained data being 
centralized in Table 1. 
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Table 1. Samples mineral characteristics 

Component Quartz Kaolinite Muscovite Calcite Goethite Lepidocrocite 
Formula SiO2 Al2Si2O5(OH)4 Al2K2O6Si CaCO3 αFeO(OH) γFeO(OH) 

Carwash slurry 
Amount, 

wt.% 29 19 17 25 7 3 

Particle size 
range, μm 5 - 50 5 - 65 1 - 30 1 - 25 5 - 30 5 - 30 

Conglomerate 
Amount, 

wt.% - - - 56 44 - 

Particle size 
range, μm - - - 3 - 100 5 - 100 - 

Crystallite 
size, nm - - - 40 60 - 

Color in 
cross 

polarized 
light 

Green - 
gray 

White- 
blue Pink Yellow-

brown 
Reddish - 

brown 
Reddish - 

brown 

Particle  
shape round tabular tabular round elongated elongated 

 
 

It results that all identified minerals have bigger particles which are 
classified as suspended particles (diameters from 10 up to 65 μm). They are 
accompanied by PM10 fractions which contain mainly Quartz and Calcite as 
well as few ferrous conglomerate particles (mixture of Goethite and 
Lepidocrocite traces). The PM2.5 fraction contains mainly clay particles such 
as Kaolinite and Lepidocrocite. The mineral composition and particle 
distribution of CS sample reveals that PM originates in the soil erosion in 
good agreement with literature [12, 13] excepting ferrous particles which 
rather originate in the cars rust in good agreement with [17, 18]. All observed 
particles within CS sample have dark spots which belong to the amorphous 
organic phase that requires FTIR investigation. 
 On the other side, FC sample, Figure 2b, reveals uneven broken 
fractions of ferrous conglomerate. The light-yellow particles belong to Calcite 
that embeds different amount of Goethite (reddish brown). In consequence, 
come of the particles present red color and the ones with densest embedding 
of iron hydroxide appear dark brown. 
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 SEM image of CS sample, Figure 3a, reveal a particle distribution 
similar to the one observed by MOM. Bigger particles (Quartz and Calcite) 
are surrounded by fine clay particles, fact sustained by the elemental map. 
 
 

 
Figure 3. SEM images with elemental maps and EDS spectra for a) carwash 

slurry, b) ferrous conglomerate and c) details on a single ferrous  
conglomerate particle. 

 
 

The elemental map sustains the mineral assignment to the observed 
particles: Quartz particles appear bright green due to the Si labeled green 
and O labeled cyan; Calcite particles appear in dark blue nuance because 
Ca is labeled in dark blue. Fine clay particles are colored in dark red due to 
the presence of Al, K with small traces of Mg and Na. Particles colored in 
orange nuance belongs to the ferrous conglomerate because of orange 
labeling of Fe. The complete elemental composition of the CS sample is 
given in Table 2. Several yellow stains are observed on the particle surface 
indicating high concentration of non mineralized carbon that might be related 
with organic dirt spots identified by MOM. The presence of organic matter is 
sustained by very high amount of carbon resulted on the elemental composition 
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of CS sample. Oxygen amount is also high in CS and it is divided between 
organic matter and mineral oxides and silicates evidenced. The amount of 
0.7 at. % Fe is in good agreement with the presence of the rusty particle of 
about 50 μm diameter in Figure 3a. 
 

Table 2. Samples elemental composition 

Samples 
Elemental composition, At. % 

C O Si Al Fe Ca Na Mg K S Mn 
CS 49 41 5.8 1.5 0.7 0.6 0.5 0.4 0.2 0.1 - 
FC 22.6 46.2 - - 23.3 7.3 - - - - 0.7 
Single FC  
particle 14.9 47.7 - - 23.6 13.5 - - - - 0.3 

 
 Figure 3b reveals the SEM aspect of broken particles within FC 
sample that are in good convergence with MOM observations in Figure 2b. 
The elemental map labels indicate: orange – Fe; cyan – O; light green Ca 
and red – Mn. The color combination reveals the yellow-greenish particles of 
calcite with different embedded amount of Goethite represented by orange 
spots. Manganese presence as low trace into the elemental composition of 
FC sample might be related with the lower side of the car corrosion. The 
overall elemental composition of FC sample is given in Table 2. It is 
dominated by oxygen carbon and iron, fact in good agreement with the XRD 
and MOM results. However, it is necessary a closer look at a single FC 
particle detail for a more precise determination. 
 High magnification detail of a single FC particle is presented in Figure 
3c. Ferrous conglomerate particle evidence growth layers on the left side of 
the observation field. Corresponding elemental map shows that these layers 
have blue nuance for Calcite and orange nuance for the embedded Goethite. 
Oblique position of the FP particle side allows us establish an average 
thickness of the growth layer of 6.8 µm. The outer most layer aspect is better 
observed on the central and left side of the observation field in Figure 3c. 
There are observed rounded clusters of Goethite about 5 – 10 µm in diameter 
embedded into the nanostructured Calcite mass. Fact is sustained by the 
small brown-orange dots observed in the elemental map on these specific 
areas. The elemental composition of the single FC particle reveals large 
amount of O and Fe corresponding to the Goethite clusters embedded into 
the calcite. The amount of C and Ca respects the Calcite stoichiometric 
proportion, fact in very good agreement with XRD observations. Also, low 
traces of manganese occur, perhaps due to the corrosion of some alloyed 
steel part. 



SIMONA ELENA AVRAM, MIUTA RAFILA FILIP, LUCIAN BARBU TUDORAN,  
GHEORGHE BORODI, IOAN PETEAN 

 

 
64 

 FC particles growth layer by layer indicates a long-term process that 
involves Calcite and Goethite. Missing Lepidocrocite is also a strange aspect 
related to the investigated ferrous conglomerate. A closer look to the 
chemical bonds within the samples is required. Therefore, FTIR analysis was 
effectuated for both samples CS and FC, Figure 4. 
 
 

 
Figure 4. FTIR spectra for a) carwash slurry and b) ferrous conglomerate. 

 
 The first absorption bands resulted for CS sample, Figure 4a, belong 
to the mineral components: 468 cm-1 is assigned  to Si-O-Si deformation 
within silicates and clay, 518 cm-1 corresponds to Fe-O chemical bond within 
iron oxides; 692 cm-1 belongs to symmetrical deformation of CO32- within 
Calcite, 779 cm-1 is assigned to Si-O stretching from Quartz, 1031 cm-1 indicates 
the planar stretching of Si-O within silicates, 1421 cm-1 reveals the asymmetric 
stretch of CO32- within Calcite [28, 29]. Water presence is related both to 
adsorbed water and chemically bonded molecules having absorption bands 
at: 1625 cm-1 for H-O-H rotation and 3421 cm-1 for H-O-H stretching [30]. 
 The other group of absorption bands within CS sample is related to 
the organic matter observed as dark amorphous spots in MOM images and rich 
carbon dots in SEM elemental maps. We found following bands at: 1078 cm-1 
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belonging to C-H deformation within CH3 groups [31]; 1884 cm-1 corresponding 
to symmetric stretch of the saturate C=O bond; 2852 cm-1 assigned to 
symmetric stretch of CH2 and 2923 cm-1 belonging to asymmetric stretch of 
CH2 [32, 33]. On the other side these absorption bands are related to the 
organic nanoparticles resulted from used tires [34, 35] and confirms the initial 
supposition that amorphous organic matter found in CS samples is mainly 
formed by tires nanostructural residues. Fact requires further detailed 
investigation with GC-Ms techniques. 
 FTIR spectrum resulted for FC sample, Figure 4b, has a totally different 
allure that CS and evidenced different absorption bands. Some intense absorption 
bands are observed at 635; 795 and 892 cm-1 characteristic for Goethite [36] 
followed by very weak absorption bands at 1021 and 1150 cm-1 are reported 
for Lepidocrocite [36]. This particularly disposal of the absorption bands confirms 
the XRD observation that the Calcite prefer embedding of Goethite during the 
ferrous conglomerate growth due to its more stable structure [37, 38]. Calcite 
presence is evidenced by the following absorption bands: 692 cm-1 related to 
the symmetric deformation of CO32- and 1421 cm-1 related to asymmetric 
stretch of CO32- [29]. 
 Water is also present in FC sample through the absorption bands at 
1625 cm-1 for H-O-H rotation and 3421 cm-1 for H-O-H stretching [30] and 
some organic traces represented by the absorption bands: 2923 cm-1 
belonging to asymmetric stretch of CH2 and OH stretching at 3735 cm-1 [34, 
35]. The presence of significant organic matter traces (induced by the cars used 
tires) in FC sample suggests that the conglomerate was formed by the street 
dust back scattered by the used tires in wet conditions that collides the rust 
scale.  
 Calcite might be partially dissolute under wet milling conditions induced 
by the tires and its aqueous solubility might be enhanced by the increased 
temperatures on the lower side of the cars chassis while Quartz particles are 
completely insoluble in water and tends to fell away due to impact forces. 
Furthermore, Calcite has a water solubility of 47 mg/L in the normal environmental 
condition. It might induce a partial dissolution of street dust calcite particles 
generating small amount of calcium hydroxide according to the reaction (1) 
 
                                  CaCO3 + H2O → Ca(OH)2 + CO2                             (1) 

 
The calcium hydroxide embeds fine particles from rust scale 

containing iron hydroxides which are mainly Goethite and some traces of 
Lepidocrocite. The oxygen and hydroxyl anions are assembled in hexagonal 
crystallographic planes within Goethite assuring a better stability while in 
Lepidocrocite are arranged in cubic patterns within its orthorhombic lattice making 
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it less stabile. Schwertmann and Taylor in 1972 described the transformation 
of Lepidocrocite into the Goethite in two steps: first is aqueous dissolution of 
Lepidocrocite followed by the re-crystallization of iron hydroxide into its more 
stabile form as Goethite [38]. Lepidocrocite dissolution is described by relation 
(2), 
 
                                 γFeOOH(S) + H2O → γFeOOH(l)                                 (2) 
 
                                 γFeOOH(l) → αFeOOH(s) + H2O↑                               (3) 
 
while the Goethite crystallization from solution is described by relation (3). 
These processes are developed in rich CO2 atmosphere that facilitates 
reversing calcium hydroxide into calcite via equation (4): 
 
                                Ca(OH)2 + CO2 → CaCO3 + H2O                                (4) 
 
re-crystallization process often found in the caves formations during sedimentary 
geological formations [39, 40]. When transformation from relations (3) and (4) 
occurs simultaneously the crystallized Goethite is embedded into the Calcite 
matrix forming a dense nanostructural pseudo-composite as observed in 
Figure 3c. 
 The obtained results are convergent and sustain the unusual composition 
and microstructure of the identified ferrous conglomerate figuring out some 
important environmental aspects. Physicochemical conditions required for 
the conglomerate formation needs large Calcite amounts which is provided 
by sedimentary soils erosion associated with advanced deforestations of 
high angle slope hills situated under research coverage area of Romanian 
Euro Region 6 NV. Auto-vehicles advanced rust of chassis bottom provide 
enough iron hydroxides for a consistent scale development that progressively 
interacts with calcite deposits facilitating multi-layered conglomerate development 
under high temperature that involved at average and long cruise. Tires also 
facilitate conglomerate deposits by the particularly grooves shape that spread the 
PM particles over the rusted chassis parts. Advanced wear of the tires also 
facilitates the emission of pollutant organic nanoparticles [41, 42] that affects 
both ferrous conglomerate and carwash slurry.  
 The environmental management regarding such carwash slurries 
implies two actions ways: the first is related to their proper dumping with care 
to avoid pollutant emissions and the second way is related to the particulate 
sources’ mitigation strategies. Thus, the slurry dumping requires specialized 
dumps with consolidated deposited layers to avoid their sliding and with a 
strict humidity control of the top layers to avoid dust formation.  
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 Hence, most of the minerals identified into the CS sample originate 
in the eroded soils the slurry might be converted to a stabile soil useful for 
urban dumps coverage during the conservation process. Some preliminary 
preparation actions are required: the ferrous conglomerate particles might 
negatively affect the further soil stability and could be separated by magnetic 
methods. Such methods were tested in laboratory for ferrous conglomerate 
removal from urban anti –skid material [43]. The carwash slurry sample free 
of ferrous rusted particles might be enhanced with humic components to link 
the finest clay particles into a stabilization network which might be effective 
at low humidity grades. Such pseudo-soil mixture might sustain some bushes 
vegetation like Sea Buckthorn (Hippophae rhamnoides) and Wild Rose 
(Rosa Canina) or even some trees like Pine (Pinus Silvestris) that were 
successfully used for coal sterile dumps stabilization [44, 45].  
 The carwash slurry PM mineral sources mitigation would imply major 
environmental actions such as eroded soils rehabilitation by re-forestation 
with young trees. Ferrous conglomerate mitigation could be achieved by 
removing from circulation old and rusted vehicles and by development of a 
proper anti – corrosive protection for the circulating vehicles to be applied on 
the lower side of the chassis. The organic particles emissions related to the 
tires might be mitigated by a proper choosing of the high thermal stability 
tires perfectly adapted to the geological conditions of the cruise area.  
 
 
CONCLUSIONS 
 
 Carwash slurry has a complex mineralogical composition resulted 
mostly due to the soil erosion. It is dominated by Quartz followed closely by 
Calcite and clay minerals (Kaolinite and Muscovite). There are also occur 
significant amounts of iron hydroxides: mainly Goethite and low traces of 
Lepidocrocite. The unusual ferrous conglomerate is formed by 56 wt.% Calcite 
in a nanostructured form having crystallites of about 40 nm that embeds an 
amount of 44 wt. % Goethite as nano-crystallites with mean diameter of 60 nm.  
 Carwash slurry might be reutilized as raw material for urban dumps 
rehabilitation if the ferrous conglomerate particles would be removed via magnetic 
selection. Also, its amount might be mitigated by proper environmental 
management including: eroded soil rehabilitation by re-forestation, anticorrosive 
protection of the lower side of vehicles chassis combined with withdrawing 
from circulation of old and depreciated cars. Organic matter related to the tire 
wear emission might be mitigated by a proper choosing of high thermal 
stability tires adapted on the geological conditions of the cruising areas. 
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EXPERIMENTAL SECTION 
 
A large carwash slurry sample (CS) was collected from a large 

washing facility for: cars, buses and heavy lorry deserving a wide coverage 
area within Romanian Euro Region 6 NV. The facility name and operator is 
anonymized for economical reasons. 

The ferrous conglomerate (FC) sample was separated by sewing 
form the CS using a 4 mm mesh sieve and mechanical vibration device, 
followed by a manual selection according to their general brown – rusty 
aspect. The FC particles were further grinded manually into an agate mortar 
to obtain the powder necessary for specific analysis.    

The X – ray diffraction analysis was effectuated with a Bruker D8 
Advance diffractometer (Bruker Company, Germany) using CuKα1 radiation 
(λ = 1.54056 Å) coupled with a monochromatic filter of Fe 40 μm. The XRD 
patterns were registered in 2 Theta ranges of 10 – 70 degrees with a speed 
of 1 degree/minute. The minerals were identified using Match 1.0 software 
equipped with PDF 3.0 Powder Diffraction Files (Crystal Impact Company, 
Bonn, Germany).  

Mineralogical Optical Microscopy (MOM) was effectuated with a 
Laboval 2 microscope (Carl Zeiss Jena, Oberocken, Germany) equipped with 
digital capture Kodak 10 Mpx camera. Quantitative analysis on the optical 
microphotographs was done using the Image J professional soft as freeware 
resource from National Institutes of Health USA. 

Scanning Electron Microscopy was effectuated with a Hitachi SU8230 
SEM (Tokyo, Japan), equipped with an EDX elemental analysis module X‐
Max 1160 EDS Energy‐Dispersive Spectroscopy (Oxford Instruments, U.K.). 
The investigation was effectuated in high vacuum mode at an electron beam 
acceleration voltage of 30 kV. 

Fourier Transformed Infrared spectroscopy FTIR was effectuated 
using a JASCO 610 FTIR (Jasco Corporation, Tokyo, Japan) under ambient 
conditions using the KBr pellet method in the range of 4000 – 400 cm-1 at a 
resolution of 4 cm-1 and 100 scans for each spectrum. 

 
 

REFERENCES 
 

1. S.H. Pradhan, M. Gibb, A.T. Kramer, C.M. Sayes, Environ. Res., 2023, 231, 
116267.  

2. J. Qin, J. Wang, Environ. Res., 2023, 233, 116162.  
3. V. Iyer, P.C. Ghosh, S. Ganapathy, K.C. Premarajan, Saf. Health Work, 2022, 

13, S204. 
4. M. T. Udristioiu, Y. EL Mghouchi, H. Yildizhan, J Clean. Prod., 2023, 421, 138496.  



INVESTIGATION OF FERROUS CONGLOMERATE PARTICLES FOUND  
IN CARWASH SLURRY AND THEIR ENVIRONMENTAL IMPLICATIONS 

 

 
69 

5. S. Wu, J. Tao, N. Ma, Y. Kuang, Y. Zhang, Y. He, Y. Sun, W. Xu, J. Hong, L. 
Xie, Q. Wang, H. Su, Y. Cheng, Atmos. Environ., 2022, 277, 119086.  

6. H. Cigánková, P. Mikuška, J. Hegrová, J. Krajčovič, Sci. Total Environ., 2021, 
800, 149502. 

7. G. A. Păltinean, I. Petean, G. Arghir, D. F. Muntean, L.-D. Boboş, M. Tomoaia-
Cotişel, Part. Sci. Technol., 2016, 34, 580-585.  

8. G. A. Păltinean, I. Petean, G. Arghir, D. F. Muntean, M. Tomoaia-Cotişel, Rev. 
Chim., 2016, 67 (6), 1118-1123. 

9. D. F. Muntean, D. Ristoiu, G. Arghir, R. F. Campean, I. Petean, Carpathian J. 
Earth Environ. Sci., 2012, 7, 175-182. 

10. M. Rusca, T. Rusu, S. E. Avram, D. Prodan, G.A. Paltinean, M. R. Filip, I. 
Ciotlaus, P. Pascuta, T.A. Rusu, I. Petean, Atmosphere, 2023, 14, 862.  

11. V. M. Kolesnikova, O. A. Salimgareeva, D. V. Ladonin, V. Y. Vertyankina, A.S. 
Shelegina, Atmosphere, 2023, 14, 403.  

12. M. Tian, J. Gao, L. Zhang, H. Zhang, C. Feng, X. Jia, Atmos. Pollut. Res., 2021, 
12, 101108.  

13. A. A. Keri, T. Rusu, S. Avram, Studia UBB. Ambientum, 2010, 55, 43-53. 
14. A. Ghosh, P. K. Nagar, B. Singh, M. Sharma, D. Singh, Sci. Total Environ., 2023, 

904, 167363. 
15. S. Nicoara, L. Tonidandel, P. Traldi, S. Avram, O. Popa, N. Palibroda, Studia 

UBB. Ambientum, 2008, 2, 186-192. 
16. A. A. Keri, S. Avram, T. Rusu, ProEnvironment, 2010, 3, 318-321. 
17. M. Kadowaki, H. Katayama, Corrosion Science, 2023, 222, 111379.  
18. M. S. Sulaiman, D.A. Wahab, Z. Harun, H. Hishamuddin, N. K. Khamis, M. R. 

Abu Mansor, Energy Rep., 2023, 9, 235-246. 
19. R. S. Cheong, E. Roubeau Dumont, P. E. Thomson, D. C. Castañeda-Cortés, L. 

M. Hernandez, X. Gao, J. Zheng, A. Baesu, J. R. Macairan, A. J. Smith, H. N. 
N. Bui, H.C.E. Larsson, S. Ghoshal, S. Bayen, V. S. Langlois, S.A. Robinson, N. 
Tufenkji, J. Hazard. Mat. Adv., 2023, 12, 100357.  

20. I. Gehrke, S. Schläfle, R. Bertling, M. Öz, K. Gregory, Sci. Total Environ., 2023, 
904, 166537. 

21. D.F. Muntean, I. Ivan, L. Muresan, Studia UBB Chemia, 2015, 60, 207-218. 
22. C. Krézsek, A.W. Bally, Mar. Pet. Geol., 2006, 23, 405-442.  
23. R. S. Huismans, G. Bertotti, D. Ciulavu, C. A. E. Sanders, S. Cloetingh, C. Dinu, 

Tectonophysics, 1997, 272, 249-268.  
24. L. Rus, S. E. Avram, V. Micle, Studia UBB Chemia, 2020, 65, 257-268.  
25. S. E. Avram, L. Rus, V. Micle, S. S. Hola, Water, 2022, 14, 2366.  
26. I. Petean, G. A. Paltinean, E. Pripon, G. Borodi, L. Barbu Tudoran, Materials, 

2022, 15, 7514.  
27. I. Petean, G. A. Paltinean, A. C. Taut, S. E. Avram, E. Pripon, L. Barbu Tudoran, 

G. Borodi, Materials, 2023,16, 5809.  
28. M. Lettieri, Vib. Spectros., 2015, 76, 48-54. 
29. K. Koupadi, S.C. Boyatzis, M. Roumpou, N. Kalogeropoulos, D. Kotzamani, 

Heritage, 2021, 4, 3611. 
30. J. Bora, P. Deka, P. Bhuyan, K. P. Sarma, R. R. Hoque, SN Appl. Sci., 2021, 3,137.  



SIMONA ELENA AVRAM, MIUTA RAFILA FILIP, LUCIAN BARBU TUDORAN,  
GHEORGHE BORODI, IOAN PETEAN 

 

 
70 

31. A. M. Udrea, A. Dinache, J. M. Pagès, R.A. Pirvulescu, Molecules, 2021, 26, 2374.  
32. X. Liu, S. M. Colman, E. T. Brown, E.C., Minor, H. Li, J. Paleolimnol, 2013, 50, 

387-398.  
33. F. Usman, B. Zeb, K. Alam, Z. Huang, A. Shah, I. Ahmad, S. Ullah, Atmosphere, 

2022, 13, 124.  
34. G. Sarkissian, J. Keegan, E. Du Pasquier, J. P. Depriester, P. Rousselot, J. Can. 

Soc. Forensic Sci., 2004, 37, 19-37.  
35. Z. Wang, M. Wu, G. Chen, M. Zhang, T. Sun, K. G. Burra, S. Guo, Y. Chen, S. 

Yang, Z. Li, T. Lei, A. K. Gupta, Fuel, 2023, 337, 127206.  
36. H. Ciu, W. Ren, P. Lin, Y. Liu, J. Experim. Nanosci., 2013, 8, 869-875. 
37. Y. Cudennec, A. Lecerf, Solid State Sci., 2005, 7, 520.  
38. U. Schwertmann, R. M. Taylor, Clays Clay Miner., 1972, 20, 151-164. 
39. O. T. Moldovan, S. Bercea, R. Năstase-Bucur, S. Constantin, M. Kenesz, I. C. 

Mirea, A. Petculescu, M. Robu, R. A. Arghir, Tour. Manag., 2020, 78, 104037.  
40. C. Spötl, G. Koltai, Y. Dublyansky, Chem. Geol., 2023, 638, 121712.  
41. S. H. Woo, H. Jang, S. H. Mun, Y. Lim, S. Lee, Sci. Total Environ., 2022, 838, 

156548.  
42. E. Roubeau Dumont, X. Gao, J. Zheng, J. Macairan, L. M. Hernandez, A. Baesu, 

S. Bayen, S. A. Robinson, S. Ghoshal, N. Tufenkji, J. Hazard. Mat., 2023, 453, 
131402. 

43. G. Arghir, I. Petean, D. F. Muntean, L. Muresan, C. Suciu, Powder Metall. Prog., 
2011, 11, 340-346. 

44. A. Braşovan, V. Codrea, G. Arghir, R. F. Câmpean, I. Petean, Carpathian J. Earth 
Environ. Sci., 2011, 6, 221-228. 

45. A. Braşovan, R. F. Burtescu, N. K Olah, I. Petean, V. Codrea, A. Burtescu, Studia 
UBB Chemia, 2017, 62(2), 81-93. 



STUDIA UBB CHEMIA, LXVIII, 4, 2023 (p. 71-92) 
(RECOMMENDED CITATION) 
DOI:10.24193/subbchem.2023.4.06 
 
 
 
 

 
 
©2023 STUDIA UBB CHEMIA. Published by Babeş-Bolyai University. 

This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License. 

COMPREHENSIVE ANALYSIS ON COTINUS COGGYGRIA 
SCOP. LEAVES: PHYTOCHEMICAL CHARACTERIZATION, 

BIOLOGICAL PROFILE AND DOCKING STUDIES 
 
Gökçe ŞEKER KARATOPRAKa,*, Gökçen KILIÇa, İsmail ÇELIKb,  

Selen İLGÜNc, Esra KÖNGÜL ŞAFAKa, Müberra KOŞARd 
 

ABSTRACT. The present work aims to evaluate the antioxidant, cytotoxic, 
enzyme inhibitory, and anti-inflammatory properties of Cotinus coggygria Scop. 
The leaf extract was analyzed using LC-MS/MS and antioxidant activity was 
also investigated via several in vitro models (DPPH●, ABTS●+, FRAP, metal 
chelating, inhibition of β-carotene bleaching, and lipid peroxidation). Enzyme 
inhibition activity was evaluated on alpha-amylase and alpha-glucosidase. 
Molecular docking studies were performed to assess the binding efficiency 
of the identified compounds with alpha-glucosidase. The toxicity of the extract 
was studied using two breast cancer cell lines as well as healthy fibroblast 
cell lines (L929). Using LPS induced macrophage cell line model, the anti-
inflammatory activity was examined by determining NO, IL-1β, IL-6, IL-10, and 
TNF-α levels. The methanol extract significantly affected the alpha-glucosidase 
enzyme, which also exhibited antioxidant activity. Galloyl hexose and methyl 
trigallate were found to have the highest binding contact energies for the alpha-
glucosidase enzyme, according to docking analyses. Even at a 31.25 µg/mL 
concentration, the extract caused 43.46% inhibition in MDA-MB 231, and 
48.09% in MCF-7 cell lines. Significant effects on TNF-α and IL-6 cytokine 
levels also proved anti-inflammatory activity. These findings suggest that 
C. coggygria may serve as an efficient alpha-glucosidase inhibitor and anti-
inflammatory agent. 
Keywords: Cotinus coggygria, enzyme inhibition, docking, anti-inflammatory, 
antioxidant, cytotoxicity 
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INTRODUCTION  
 

Recently, there has been intense interest in the treatment with herbal 
medicines in the world in general. Scientists’ desire to find drugs with lower 
side effects due to the possible risks of synthetic drugs has accelerated the 
studies [1]. In addition, to benefit from the synergistic effects of the chemical 
structures in its content and to increase the effect, they focus on many herbs 
and herbal mixtures used in the treatment of diseases among people rather 
than a single molecule [2]. Many remedies, both written and verbally passed 
down from generation to generation, have served as crucial guides for scientists 
conducting such research. In light of this information, studies to determine the 
preparation and application methods of many plants as medicines, scientifically 
prove their effects, and identify the components responsible for the effect 
have gained significant traction [3].  

The number of plant species in Turkiye; is around 12.000, including 
3000 of them endemic species [4]. Because of Turkiye’s strategic location as 
the union of Eastern and Western cultures, there has been a significant 
advancement in knowledge of folk remedies [5]. Cotinus coggygria Scop., a 
member of the Anacardiaceae family known as the “Smoke tree”, grown in 
Turkiye, is known to be widely used in oral wound healing among the public 
[6]. In the literature studies conducted on the C. coggygria plant, it has been 
observed that it has a wound-healing effect on the skin [7,8]. It is known that 
the plant’s leaves and flowers are ground into a paste and used as a blood purifier 
for skin diseases in Pakistan and as an antiseptic, anti-inflammatory, and anti-
hemorrhagic in Serbian traditional medicine [9,10]. In Turkish folk remedies, 
a decoction of C. coggygria leaves is used to treat diabetes [11]. Various 
studies have been conducted on C. coggygria and these usage patterns have 
been scientifically proven. The plant’s antioxidant, antibacterial, antifungal, 
antiviral, cytotoxic, antigenotoxic, hepatoprotective, and anti-inflammatory effects 
have been observed [6, 12]. The presence of tannins and various flavonoids 
was determined by the chemical composition analysis of the plant [13]. It has 
been reported that the essential oil obtained from the hydrodistillation of 
leaves collected from young shoots of C. coggygria is rich in monoterpenic 
hydrocarbons [14].  

The purpose of this work was to assess the phytochemical and biological 
capabilities of C. coggygria methanol extract. The phytochemical profile of the 
plant was established through High-performance liquid chromatography-mass 
spectrometry (LC-MS/MS) profiling and total bioactive ingredients. Compared 
with previous studies, the antioxidant capacity of the extract was determined 
using various in vitro bioassays (DPPH●, ABTS●+, FRAP, β-carotene-linoleic 
acid co-oxidation assay, iron-(II) chelate formation and preventing peroxidation 
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of the phospholipids) and inhibitory properties against enzymes involved in 
diabetes pathology, including alpha-amylase and alpha-glucosidase. Its effects 
on the alpha-glucosidase enzyme were detailed by molecular docking analysis. 
Its toxicity was investigated using breast cancer cell lines (MDA-MB 231 and 
MCF-7) as well as healthy fibroblast cell lines (L929). Furthermore, the extract’s 
anti-inflammatory efficacy was assessed by measuring nitric oxide (NO), 
interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor 
necrosis factor-alpha (TNF-α) levels in the lipopolysaccharide (LPS)-induced 
RAW 264.7 cell line. This study was the first to explore in-depth biological activity 
evaluation using C. coggygria in light of its traditional uses. 

 
 

RESULTS AND DISCUSSION 
 
Composition Analysis 
 
Total phenol, flavonoid, and flavonol levels were measured 

spectrophotometrically to identify the secondary metabolite composition of the 
extract in phenolic structure using the methods presented in the experimental 
section (Table 1). When the TPC of the plant gathered in Turkiye is compared 
to the TPC of the species collected in Kosovo and Bulgaria, it is discovered 
that the TPC of the species collected in Kosovo and Bulgaria is lower, 
62.50±2.55 mg/gextract and 114.73±1.14 mg/gextract, respectively [15]. The total 
flavonoid and flavonol content of the plant also contributes to the richness of 
its chemical composition. 

 
Table1. Extract yield, total phenolic content, flavonoid,  

and flavonols of C. coggygria 

Extract Yield 
[%] 

Total Phenol 
[mgGAE/gextract] 

Total Flavonoid 
[mgCA/gextract] 

Total Flavonol 
[mgRE/gextract] 

C. coggygria 19.42 208.07 ± 0.98 85.73± 2.15 49.82 ± 3.01 
 
Values are the mean ± SD (n = 3).  

 
Based on the formation of molecular ion peaks and base peaks, 

secondary metabolites present in 70% methanol extract were evaluated using 
the LC-MS/MS system. Table 2 lists the compounds found in the extract. Gallic 
acid, methyl gallate, quinic acid, galloyl hexose, methyl digallate, quercetin 
rhamnoside, myricetin rhamnoside, methyl trigallate, and pentagalloyl hexoside 
were all detected in the LC/MS/MS studies. In the literature, it has been 
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determined that C. coggygria is rich in tannins, as well as essential oil and 
various flavonoid content [13]. In an analysis of the plant’s chemical 
composition; gallic acid and its derivatives such as methylgallate, methyl 
ester of gallic acid, and pentagalloyl glucose (pentahydroxy gallic acid and 
pentagalloyl glucose, which is the glucose ester) were found [8]. In the 
analysis made by HPLC; compounds such as sulfuretin, fisetin, and fustin have 
been identified [13]. Other flavonoid compounds are: disulfuretin, sulfurein, 
taxifolin, 4’7-dihydroxyflavanonol, liquiritigenin, biauron, myricetin, kaempferol, 
quercetin, 4’,5,7-trihydroxy flavanone, and isoliquiritigenin [16].  

Table 2. LC-MS/MS analysis of compounds in the C. coggygria leaf extract 

MA [M-H] m/z Compounds % amount* Ref. 
170 169, 125 Gallic acid < 1 [17] 

184 183, 124 Methyl gallate 29.51 [17] 

192 191, 173 Quinic acid 9.27 [17] 

332 331, 191, 169 Galloyl hexose 1.63 [18] 

336 335, 183 Methyl digallate 24.80 [18] 

448 447, 301 Quercetin rhamnoside < 1 [17] 

464 463, 316 Myrcetin rhamnoside 3.51 [17] 

470 469, 183 Methyl trigallate 4.69 [18] 
940 939, 787, 617, 469 Pentagalloyl hexoside 2.13 [17] 

* Percentages are relative values in the total ion spectrum obtained by LC-MS/MS; 
MA: molecular weight. 

 
Antioxidant Activity 
FRAP assay 

The extract’s ability to reduce iron (III) was not as efficient as the 
positive controls, which included AA, BHT, BHA, RA, and GA. The reduction 
power of the extract was found to be significantly lower (p<0.001) compared 
to other standards (Table 3). The extract’s ability to convert iron(III) to iron(II) 
is considered hydrogen donor capacity and is very crucial in the initial phase 
of radical chain reactions [19]. As stated in Simić et al. (2008), the ethyl 
acetate fraction of acetone extract displayed significant ferric-reducing ability 
with a 5.0 mmol Fe2+/g extract value [20]. Similarly, in another study, the 
reducing ability of the acetone extract’s ethyl acetate fraction was reported 
as 10.7 mmol Fe2+ /g extract [12]. The reason for not making a direct 
comparison with the data obtained from the study is calculating the results 
as equivalent to ascorbic acid (AscAE). 
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DPPH● (1,1-diphenyl-2-picrylhydrazyl) scavenging effect 

In the experimental environment studied at physiological pH, the extract 
was studied at different concentrations and the percentage of inhibition against 
DPPH radical increased as the concentration increased. However, it was 
shown that the extract’s scavenging ability was inferior to that of the positive 
controls used, which included AA, BHT, BHA, GA, and RA, it was significantly 
lower (p<0.001). Methanol extracts of C. coggygria prepared from leaves and 
flowers have high antioxidant activity when tested with DPPH● according to 
Savikin et al. (2009) [21]. According to the results, the IC50 value of the flower 
extract is 2.6 µg/mL and the leaves extract IC50 value is 3.8 µg/mL. In another 
study, DPPH● scavenging properties were identified for acetone extract and 
its fractions including chloroform, ethyl acetate, and water. Acetone extract had 
a more noticeable impact than AA and a comparable result to GA. In comparison 
to AA and GA, the ethyl acetate fraction had higher DPPH● quenching capacity 
[12].  

ABTS●+ (2,2’-azino-bis (3-ethylbenzathiazoline-6- sulfonic acid) scavenging 
effect 

It was observed that AA, BHT, BHA, and GA were more potent than 
the extract in scavenging the radical and even the extract had a statistically 
less (p<0.001) effect than them (Table 3). It was found to be slightly higher 
than rosmarinic acid at a low concentration (0.1 mg/mL). Sukhikh et al.(2021) 
determined the TEAC value of C. coggygria ethanol extract against ABTS●+ 
and it was reported as 0.46 ± 0.02 mM Trolox equivalent/g fresh mass [22]. 
The scavenging ability of 0.5 mL essential oil of the C. coggygria was also 
found to be 55.43±0.4 in the research of Shagun et al. (2016) [23]. The plant’s 
capacity to scavenge radicals was proven by the data gathered from several 
studies. 

β-carotene / linoleic acid co-oxidation inhibitory effect 

One of the most popular techniques for assessing the level of 
oxidation of unsaturated fatty acids in food and cell walls is the β-carotene/ 
linoleic acid bleaching test. Results were given as Antioxidant activity 
coefficient (AAC) in Table 3. The plant’s 70% methanol extract showed 
higher activity than gallic acid and lower activity than synthetic oxidants such 
as BHA and BHT (p<0.001). The β-carotene bleaching potential of the plant 
extract has not been measured before but in the study conducted with its 
essential oil, it was stated that the oil has the capacity to inhibit bleaching by 
56.4 ± 1.88% [24].  
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Ascorbate-Fe (III) -catalyzed phospholipid peroxidation inhibition 

Biologically significant molecules called phospholipids that are high 
in polyunsaturated fatty acids are vulnerable to hydroxyl radical (•OH) 

destruction. The principle of the experiment is based on measuring the •OH 
sweeping effect by inhibiting the formation of TBA-reactive compounds after 
the catalysis of phospholipid liposomes prepared from the bovine brain with 
ascorbate-Fe(III) at physiological pH [25]. A study examining the effects of 
methanol extracts made from the plant’s flowers and leaves on lipid 
peroxidation expressed the IC50 values as 31.9 ± 5.1 µg/mL and 35.8±3.9 
µg/mL, respectively [19]. Our result was found to be compatible with the 
literature with a value of 0.09 ± 0.01 mg/mL (Table 3). 

Table 3. Antioxidant activity results of C. coggygria and standards 

Samples GA AA BHA BHT RA C. coggygria  p 

Reduction Power (FRAP) 

AscAE(mmol/g) 4.08±0.13* 5.72±0.10* 1.93±0.06* 2.26±0.05* 3.10±0.03* 0.85±0.01 <0.001 

DPPH Radical Scavenging 

IC50 (mg/mL) 0.02±0.01* 0.13±0.01* 0.12±0.01* 0.07±0.01* 0.02±0.01* 0.19±0.01 <0.001 

ABTS Radical Scavenging 

0.1 mg/mL 2.09±0.02* 1.18±0.01* 0.86±0.01* 0.55±0.01* 0.37±0.01* 0.50±0.03 <0.001 

0.2 mg/mL 2.49±0.01* 1.91±0.01* 1.87±0.01* 1.45±0.01* 1.32±0.01* 1.04±0.01 <0.001 

β-carotene Bleaching 

AAC 639.13±0.88* -- 987.55±1.33* 933.23±1.25* 661.42±1.10* 813.59±4.06 <0.001 

Ascorbate-Fe (III) -catalyzed Phospholipid Peroxidation Inhibition 

IC50 (mg/mL) 0.16±0.06 0.90±1.29* 0.02±0.01 0.09±0.01 0.19±0.23 0.09±0.01 <0.001 

*Indicates the difference with C. coggygria extract for the respective row. Values are the 
mean ± SD (n = 3), data is given as mean values with ± 95% confidence interval. 

 

The ferrous ion chelating activity 

Iron chelating action is dependent on the quantitative production of 
complexes of Ferrozine with Fe+2. The ferrozine reagent, a potent chelator, 
competes with metal-binding chemicals in the environment to bind Fe+2 ions. 
The development of the Fe+2/ferrozine complex is avoided by strong chelating 
power. Divalent transition metal ions play a crucial part in hydroperoxide 
decomposition reactions for instance catalyzing the oxidative process, formation 
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of hydroxyl radicals, and Fenton chemistry. These reactions can be terminated 
by chelation and deactivation of iron [26]. The extract had an activity of 
greater than 10 mg/mL, according to research on the extract’s effect on the 
chelation of iron (II). Nićiforović et al. (2010), discovered that the C. coggygria 
methanol extract has a metal chelating capability of more than 10 mg/mL, 
which is consistent with our findings [27]. The low metal chelating capacity 
may be associated with the low flavonol content of the plant. 

Cytotoxic activity  
The extract was evaluated for its toxic effects against various breast 

cancer lines including MDA- MB 231 and MCF-7, as well as healthy mouse 
fibroblast cells (L929), and the results are given in Figure 1. Significant 
cytotoxicity (p<0.001) of the extract was observed against all three cell lines 
at the highest concentration applied, 2000 µg/mL. Given the vast distribution 
in the human body, it is naturally very difficult to obtain this concentration, 
where the highest effect is observed. While there was no significant decrease 
in L929 cell viability at 31.25 µg/mL concentration, MDA-MB 231 and MCF-7 
cell viability were found to be 56.53%  and 51.9%, respectively (p<0.05).  
 

 

Figure 1. Cytotoxic activity on MDA-MB231, MCF-, and L929 cell lines.  
Each value presented as mean ± SD (n = 3), * indicate p<0.05;  

** indicate p<0.01; *** indicate p<0.001 (Dunnet test). 
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However, at lower doses, the extract had no discernible effects on viability 
(Figure 1). In a recent study, it has been proven that C. coggygria ethanol extract 
causes apoptosis and S-phase cell cycle arrest in MCF-7 cells, inhibits 
colony formation, causes DNA damage, and changes cellular thermodynamic 
parameters [28]. Another investigation found that the C. coggygria ethyl 
acetate extract had an IC50 value of 67.63±3.67 µg/mL in the triple-negative 
breast cancer line (MDA-MB 231), and these data were found to be congruent 
with our findings [29].  
 

Enzyme inhibitory-docking analysis 
 
At 1 mg/mL concentration, C. coggygria methanol extract had no impact 

on the α-amylase enzyme. The extract demonstrated a noticeable inhibitory 
impact on the α-glucosidase enzyme (Figure 2). In the concentration range 
of 7.81-1000 µg/mL, inhibition was found to be the same as acarbose (p>0.05). 
At 1.95 and 3.91 µg/mL concentrations, the percentage of inhibition was found to 
be 13.92% and 63.55%, respectively. According to a study by Özbek et al. 
(2019), it was stated that the ethyl acetate fraction, in which C. coggygria did 
not show any effect against α-amylase, exhibited an IC50 value of 8.2 µg/mL 
in inhibition of the α-glucosidase enzyme [11]. The fact that C. coggygria is used 
in the treatment of diabetes among the public has been confirmed by the results 
of the experiments. Therefore, to understand which compounds exert this effect, 
docking analysis was put forward for the first time with this study. 

 

 

Figure 2. Inhibition effect of C. coggygria on α-glucosidase enzyme.  
Results were expressed as the mean of triplicates ± SD (n = 3).a-c  
identical lowercase letters indicate statistical differences (p > 0.05). 
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Utilizing molecular docking studies to predict the activity state of 
natural compounds on macromolecules such as enzymes, proteins, and RNA 
is a rational approach for drug research [30]. Molecular docking analyzes were 
undertaken to assess the interactions of the compounds obtained from  
C. coggygria by LC-MS/MS analysis on the alpha-glucosidase enzyme. 
Compounds and standard substance acarbose were docked with Glide SP. 
As given in Table 4, the docking interaction energy of the compounds was 
between -8.238 and -4.154, while acarbose formed -4.508 kcal/mol interaction 
energy. Alpha-glucosidase and protein-ligand interactions of all compounds 
were analyzed for H bond, hydrophobic, π-π stacked, polar, negatively charged, 
and positively charged interaction patterns. The binding poses and schematic 
protein-ligand interaction diagrams of galloyl hexose and methyl trigallate 
compounds with the highest docking interaction energy are given in Figure 3. 
Galloyl hexose formed nine H bonds with active site residues Asp68 (1.90 Å), 
His111 (Å), Gln181 (2.75 Å), Asn241 (1.66 and 1.95 Å) Glu276 (1.87 Å), Asp349 
(1.78 and 2.13 Å) and Arg439 (2.03 Å). Methyl trigallate, on the other hand, 
formed four H bonds with residuals Asn241 (1.62Å), Ser308 (2.20 Å), and 
Asp349 (1.49 and 1.65 Å), and π-π stacking interactions with Phe157 (4.25 Å). 
The standard compound acarbose formed two H bonds with Glu304 (1.92 Å) 
and Ser308 (2.26 Å). The number and length of the H bond can provide 
information about the interaction of a compound with the target enzyme. 
Galloyl hexose followed by methyl trigallate formed highly potent interactions. 
Detailed protein-ligand interaction types and energies of other compounds 
gallic acid, quinic acid, quercetin 3-O-rhamnoside, methyl gallate, digallic acid 
methyl, and myricetin 3-rhamnoside are given in Table 4. 
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Figure 3. Glide SP molecular docking results of compounds galloyl hexose and 
methyl trigallate with alpha-glucosidase. (A) Binding pose and, (B) schematic 
interaction diagram of galloyl hexose (C) 3D interaction, and (D) 2D protein-
ligand interaction of methyl trigallate in the alpha-glucosidase active site.  
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Anti-inflammatory activity 

To determine the non-toxic dose before the anti-inflammatory activity 
study, toxicity tests were performed on the macrophage cell line by the MTT 
method. Concentrations that did not reduce viability were determined as 
31.25 and 62.5 µg/mL (Figure 4 A). 

Inflammation is increased and maintained by pro-inflammatory 
cytokines, which are primarily produced by activated macrophages in the 
regulation of inflammatory responses. These are IL-1β, IL-6, and TNF-α 
common proinflammatory cytokines [31]. Human cytokine synthesis 
inhibitory factor (IL-10) is a cytokine that reduces inflammation [32]. NO is a 
temporary free radical formed by the reaction of the nitrogen atom in the 
guanido group of the arginine amino acid with molecular oxygen [33]. The 
results of the extract’s anti-inflammatory effect are shown in Figure 4.  

There was an increase in nitric oxide levels in the LPS-treated control 
well in comparison to the untreated control. The NO amount considerably 
(p<0.001) elevated in the LPS group. In the co-treatment and pre-treatment 
groups to which the extract was applied, both concentrations caused a 
significant reduction (p<0.05). 62.5 µg/mL concentrated extract decreased 
the NO amount from 70.36 µM to 25.56 µM in the pre-treatment group (Figure 
4B). 

In the study, IL-1β, one of the pro-inflammatory cytokines, showed a 
noticeable boost in the LPS group as opposed to the untreated control group 
(p<0.05). In the pre-treatment group, 62.5 µg/mL concentration of the extract 
exhibited a substantial decrease in the quantity of IL-1β compared to the LPS 
group, and the amount of IL-1β was found to be 143.03 pg/mL (Figure 4C). 
There was no discernible distinction in the amounts of IL-1β in either 
concentration in the co-treatment group as compared to the values in the 
LPS group. 

It is worth mentioning that IL-6 is another pro-inflammatory cytokine 
and is associated with the regulation of immune responses. Therefore, the 
reduction of its levels could be an indication of the extract’s potential for 
inflammation. There was an increase in the amount of IL-6 in LPS-inflamed 
wells compared to non-inflamed control wells. The results showed that the 
co-treated group’s IL-6 level dropped to 113.30 pg/mL at a dose of 62.5 
µg/mL and was statistically equivalent to the untreated control group 
(p>0.05). No discernible effect on inflammation was noticed in the 
pretreatment group at 31.25 µg/mL concentration (Figure 4D).  
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Figure 4. Anti-inflammatory activity of the C. coggygria. A: Toxicity profile of the 
extract; B: Amount of NO; C: Amount of IL-1β; D: Amount of IL-6; E: Amount of 
IL-10; F: Amount of TNF-α. Values are the mean ± SD (n = 3). a–d identical 
lowercase letters indicate statistical differences (p > 0.05). 
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A significantly decreased amount of IL-10 was detected in the LPS 
group (p<0.001). Besides, while no major changes were observed in IL-10 
levels in the pre-treatment group, it was determined that the values measured 
in the wells treated with high-dose extract in the co-treatment group approached 
the control values with a significant (p<0.05) increase (Figure 4E). 

The results exhibited that the LPS group had a substantial increase 
in TNF-α levels. On the other hand, in the co-treatment group, the TNF-α 
levels decreased significantly to 1675.43 pg/mL at a dose of 62.5 µg/mL, 
indicating the potential of the extract on inflammation (Figure 4F). In contrast, 
no considerable difference was observed between the LPS and extract groups 
in the pre-treatment group, suggesting that the extract had no prophylactic 
effect on TNF-α production. 

There are few research evaluating the in vivo anti-inflammatory activity 
of C. coggygria, despite the fact that there is no study in the literature revealing 
the anti-inflammatory activity of C. coggygria extracts on the RAW 264.7 cell 
line. In the study by Marčetić et al. (2013) it was reported that the ethyl 
acetate fraction of C. coggygria had the potential in minimizing inflammation 
in a carrageenan-induced rat paw edema model and the group administered 
100 mg/kg was evaluated to be more active than indomethacin (p < 0.01) [12]. 
Additionally, the more recent investigation by Şen et al. (2023) exemplified 
that C. coggygria extract had a positive result in decreasing the amounts of 
well-known cytokines (TNF-α, IL-1β, IL-6, and TGF-1β levels) in an acetic 
acid-induced rat colitis model. The findings from these in vivo models were 
supported by current research results on the RAW 264.7 cell line, which 
revealed the anti-inflammatory potential of C. coggygria extracts in vitro. 
These findings suggest that C. coggygria extracts may have the potential as 
a natural anti-inflammatory agent [34]. 
 
 
CONCLUSIONS 

 
This work highlights the chemical composition, antioxidant, cytotoxic, 

anti-diabetic, and anti-inflammatory activities of Cotinus coggygria leaves 
methanol extract. It has been proven that C. coggygria leaves contain a 
significant amount of biologically active chemicals, particularly phenolic 
compounds. The methanol extract displayed antioxidant activity and had a 
strong effect on the alpha-glucosidase enzyme. Docking analyses showed 
that the compounds with the highest binding interaction energies for the 
alpha-glucosidase enzyme were galloyl hexose and methyl trigallate, thus 
consistent with the use of the plant. The fact that the extract exhibited significant 
inhibition of viability to both breast cancer cell lines even at a concentration 
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of 31.25 µg/mL indicates that research should continue in this direction. 
Considering the results, 62.5 µg/mL C. coggygria extract had a significant 
effect on TNF-α and IL-6 cytokine levels. A significant effect on IL-1β levels 
was observed in the pre-treatment group, again at a dose of 62.5 µg/mL. The 
effect of the extract on IL-10 cytokine level was determined as the highest at 
31.25 µg/mL dose. In light of these results, it can be said that the plant has 
an anti-inflammatory effect. With this research, it is emphasized that this plant 
has very serious biological activities, but standardized extract preparation 
studies should be the next goal on the way from the plant to the drug. 
 
 
EXPERIMENTAL SECTION 
 

Plant material and extraction 
 
C. coggygria Scop. utilized in the experiments were collected from 

the Muğla-Fethiye (Mediterranean Region, Turkiye), during the flowering 
season of the plant. Identification of the plant was performed by Professor 
Müberra Koşar. The herbarium sample of the plant (GNK 1001) is kept in the 
Erciyes University Faculty of Pharmacy. 

150 g of dried herbal material was roughly ground and subjected to 
three 24-hour macerations using 70% methanol as the solvent in a shaking 
water bath. After filtering, the obtained extracts were concentrated in a 
rotavapor (37 °C) under a vacuum. After being lyophilized, the entire extract 
was kept at -18ºC until analysis.  
 

Composition analysis 
Total phenol, flavonoid and flavonol content determination 

The total content of phenol (TPC) present in the extract was defined 
as equivalent to gallic acid by the Folin-Ciocalteu method, the total content 
of flavonoid (TFC) equivalent to catechin was defined by the method used by 
Zhishen et al. (1999), and the total content of flavonol equivalent to the rutin 
was defined by Miliauskas et al. (2004)’s method [35- 37]. 

High-pressure liquid chromatography-mass spectrometry (LC-MS/MS) 
analysis 

The Shimadzu LC/MS-8040 LC-MS/MS system was used as the 
detector, and the ESI negative ion acquisition technique was employed for 
analysis. The mobile phase consisted of a 50:50 mixture of solvent A and 
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solvent B, with a flow rate of 0.2 mL/min. Solvent A was 1% acetic acid in the 
water, and solvent B was 1% acetic acid in methanol. The sample was injected 
at a volume of 1 µL, and elution was performed using aqueous methanol. 
The fundamental peaks and molecular ion peaks were analyzed. 

 
Antioxidant activity  
Determination of ferric reduction power (FRAP) 

The extracts and standards were mixed with 0.2 M phosphate buffer 
(pH 6.6) and 1% potassium hexacyanoferrate solution to determine the 
activities that will be assessed in the FRAP experiment. This mixture was 
incubated at 50°C for 30 minutes before 2.5 mL of 10% trichloroacetic acid (TCA) 
was added. 2.5 mL was then removed from the upper portions of the centrifuged 
samples. This portion was mixed with 2.5 mL of water and 0.5 mL of 0.1% FeCl3. 
Standards included Butylated hydroxytoluene (BHT), Butylated hydroxyanisole 
(BHA), rosmarinic acid (RA), ascorbic acid (AA), and gallic acid (GA). Absorbance 
measurement was performed at 700 nm. To evaluate the ferric-reducing ability, 
the results were calculated as equivalent to ascorbic acid [38].  

DPPH ● scavenging effect 

To determine the DPPH radical scavenging activities of the extracts, 
standards including BHT, BHA, GA, AA, and RA were combined with Tris-
HCl buffer (50 nM, pH 7.4) and 0.1 mM methanol. After 30 minutes of 
incubation in a dark environment at room temperature, the absorbances were 
measured at 517 nm. The activity of the extracts was compared to the 
standards to calculate percent inhibition, which was determined using the 
following equation. Nonlinear regression curves via Sigma Plot 2001 version 
7.0 (SPSS Inc., Chicago IL) were used to calculate IC50 values, as described 
by Gyamfi et al. (1999) [39]. 

 
% Inhibition = [(Abscontrol – Absample) / Abscontrol] x 100    Eq.1 

 

ABTS●+ scavenging effect 

The ABTS●+ scavenging effects of the extracts and standards were 
evaluated using an ethanol solution of ABTS●+. The ABTS●+ solution was 
prepared by combining a 7 mM aqueous solution of ABTS with 2.45 mM 
K2S2O8 and incubating it in a dark environment for 16 hours. The absorbance 
of the ABTS●+ solution was adjusted to 0.700 ±0.024 at 734 nm using 
ethanol. To assess the kinetics of the reaction, 990 µL of the radical solution 
was mixed with 10 µL of the sample, and the absorbance was measured at 



COMPREHENSIVE ANALYSIS ON COTINUS COGGYGRIA SCOP. LEAVES: PHYTOCHEMICAL 
CHARACTERIZATION, BIOLOGICAL PROFILE AND DOCKING STUDIES 

 

 
87 

734 nm at 1-minute intervals for 30 minutes. The Trolox equivalent antioxidant 
capacity (TEAC) value was calculated by determining the percent inhibition 
and comparing it to the concentration of Trolox. The mean values of three 
parallel experiments were calculated, as described by Re et al. (1998) [40]. 

Determination of β-carotene / linoleic acid co-oxidation inhibitory effect 
Tween 20 and linoleic acid, each weighing 120 mg, were mixed with 

1mg/mL of β -carotene in 1.2 mL of chloroform. After the chloroform of the 
mixture was removed via the rotavapor, distilled water was added in small 
amounts in a total volume of 300 mL with stirring. This prepared emulsion 
was combined with the extract and standards at a concentration of 1 mg/mL. 
To carry out autoxidation, it was kept in a water bath at 50 °C, and samples 
were taken from the tubes every 15 minutes for 2 hours. Measurements of 
these samples taken at certain time intervals were made at 470 nm and the 
degree of fading was determined Antioxidant activity percentages (AA%) 
were calculated using Equation 2 [41]. 

 
AA%= [1-(Abs0 sample- Abs120sample) /  

(Abs0 control-Abs120 control)]x100                         Eq 2. 
 

Ascorbate-Fe (III) -catalyzed phospholipid peroxidation inhibition 
Commercially available Bovine brain extract (Folch VII) was 

sonicated in an ice bath and mixed with 10 mM phosphate buffer (PBS, pH 
7.4) to obtain phospholipid liposome (5 mg/mL). 0.2 mL of this prepared 
liposome was taken and combined with 0.5 mL of PBS buffer, 0.1 mL of 1 
mM FeCl3, and 0.1 mL of extract/standards. 0.1 mL of 1 mM ascorbate 
solution was added to accelerate peroxidation. After this mixture was 
incubated at 37ºC for 60 minutes, 50 µL of 2% BHT, 1 mL of 2.8% TCA, and 
1 mL of 1% TBA (in 0.05 M NaOH) were added. Each sample was extracted 
with 2 mL of n-butanol and the resulting (TBA) 2-MDA chromogens were 
allowed to switch to the n-butanol phase. To measure the degree of 
peroxidation, absorbances were recorded at 532 nm [42]. 
 

The ferrous ion chelating activity 
200 μL extract solution, 100 μL 2.0 mM aqueous FeCl2, and 900 μL 

methanol were mixed. After the reaction mixture was incubated for 5 minutes, 
the reaction was accelerated with 400 μL 5.0 mM ferrozine solution. After 
waiting for 10 minutes, the absorbance was measured at 562 nm [43]. The 
iron chelate activity was calculated according to Eq 1. using the control 
absorbance (Ac) and sample absorbance (As) and given as equivalent to 
Na2EDTA (mgNa2EDTA/sample). 
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Cytotoxic activity  
 
Human breast adenocarcinoma cell lines, MCF-7, and MDA-MB-231 

cell lines were grown in DMEM containing 10% FBS (fetal bovine serum), 
and 1% penicillin-streptomycin. The L929 (mouse fibroblast) cell line was grown 
in an EMEM medium containing 1% penicillin/streptomycin mixture solution and 
10% horse serum at 37 °C in 5% CO2 and 95% air. All cell lines were purchased 
from the American Type Culture Collection (Manassas, VA, USA).  

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) 
colorimetric method, which is often used to assess toxicity, was employed to 
assess the effectiveness of C. coggyria extract on MCF-7, MDA-MB-231, and 
L929 cell lines. After counting the number of cells grown in culture the cells were 
dispensed into a 96-well microplate at 1 x 104 cells / well. Following 24 hours, the 
cells that had adhered to the plate’s base were removed from the supernatant, 
and 100 µL of media with an extract concentration of 7.81–2000 g/mL was 
added. After a 24-hour incubation period, 100 µL of MTT (5 mg/mL in PBS) 
solution was dispensed into each emptied well. The wells were drained after 
2 hours in the incubator, and 100 µL of dimethyl sulfoxide (DMSO) was 
dispensed into each well. ELISA (Biotek Synergy HT) was used to measure 
absorbance at 570 nm [43]. The analyses were performed in triplicate. 

 
Enzyme inhibitory-docking analysis 
α-Glucosidase inhibition assay 

The procedure described by Liu et al. (2003) was followed for conducting 
the assay for the inhibitory activity of the -glucosidase enzyme [44]. A mixture 
of 2 U/mL α-glucosidase (50 µL) solution, phosphate buffer (1000 µL), and 
extract/acarbose (200 µL) was combined. Following a 10-minute incubation 
period at 37 °C, 50 µL of p-nitrophenyl-D-glucopyranoside (5 mM, pNPG) 
was added, and the mixture was then incubated for an additional 20 minutes 
at the same temperature Then, the reaction was stopped by adding 2000 µL 
of sodium carbonate solution prepared at 0.2 M concentration and 4700 µL of 
distilled water. Absorbances were measured at 405 nm with a spectrophotometer. 
Eq 1 was used to calculate inhibition %. 

α-Amylase inhibition assay 

To evaluate the inhibitory effects of the extracts on the α-amylase 
enzyme, a modified Sigma-Aldrich technique was used. The assay mixture 
consisted of 40 µL of extract or acarbose samples, 160 µL of phosphate 
buffer (pH 6.9) with 20 mM sodium chloride, and 200 µL of α-amylase 
enzyme solution (EC3.2.1.1, tip VI, Sigma; 20 unit/mL), mixed at specific 
dose intervals. After incubating for 5 minutes, a 0.5% w/v prepared starch 
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solution was added as a substrate in a volume of 400 µL and incubated for 
3 more minutes at 25°C. The reaction was stopped by adding 200 µL of the 
dinitro salicylic acid reagent (96 mM 3,5-dinitro salicylic acid, 5.31 M sodium 
potassium tartrate in 2 M NaOH) and placing the tubes in a water bath at 
85°C for 15 minutes. After the incubation period, the absorbance at 540 nm 
was measured using a spectrophotometer after the addition of 4000 µL of 
distilled water. Inhibition% was calculated using Eq 1. 

Molecular docking  
Molecular docking work was carried out with Schrödinger Maestro 

version 2021.2 version with protein preparation, ligand preparation, creation 
of active site grid box files, and ligand docking steps, respectively [45]. For 
the three-dimensional structure of α-glucosidase, PDB ID: 5NN8 was 
selected and retrieved in the ‘Protein Preparation Wizard’ [46,47]. The water 
molecule and other heteroatoms were removed, and hydrogens were added. 
H bond assignment was set to PROPKA:7.0, using the water molecule 
orientation, and minimized using OPLS4 force fields. Compounds obtained 
from C. coggygria by LC-MS/MS analysis galloyl hexose (PubChem ID: 
128839), methyl trigallate (PubChem ID: 156096784), gallic acid (PubChem 
ID: 370), quinic acid (PubChem ID: 6508), quercetin 3-O-rhamnoside 
(PubChem ID: 5353915), methyl gallate (PubChem ID: 7428), digallic acid 
methyl (PubChem ID: 10131824), myricetin 3-rhamnoside (PubChem ID: 
5352000) and acarbose (PubChem ID: 41774) ) structure was downloaded 
in 3D SDF file format and prepared with ‘LigPrep’ module using OPLS4 force 
fields. Active site coordinates x: -6.658, y: -45.820, z: 84.129, and 25*25*25 
Å3 were created with the ‘Receptor Grid Generation’ module. Ligand docking 
was performed with the Glide SP docking modüle [48]. Two- and three-
dimensional visualization and protein-ligand analyses were performed with 
the Maestro interface and’ Ligand Interaction’ module. 

 
Anti-inflammatory activity 
Determination of non-toxic dose in RAW 264.7 cells 

The non-toxic dose of the extract in the RAW 264.7 cell line was 
determined by the MTT method. The toxicity of the extract has been studied 
in the concentration range of 7.81 -1000 µg/mL. 

Determination of IL-1β, IL 10, IL6, TNF-α, and NO amounts 

Two groups, pre-treatment, and co-treatment, were designed to measure 
the anti-inflammatory activity. RAW 264.7 cells for both groups were distributed 
in a 1x106 number to a six-well plate. At the end of the 24 hours given for the 
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cells distributed in the pretreatment group to adhere, the extracts were added 
to the wells at a concentration of 62.5 µg/mL and 31.25 µg/mL and left for 6 
hours. Then inflammation was induced by incubating with LPS at a concentration 
of 1 µg/mL for 24 hours. In the co-treatment group, extract at concentrations 
of 31.25 µg/mL and 62.5 µg/mL and LPS (1 µg/mL) were added to the wells 
at the same time and incubated for 24 hours [49]. 

The supernatant obtained from the wells was used to investigate IL-1β, 
IL-6, IL-10, and TNF-α cytokine levels, and NO amount after centrifugation. 
The amount of NO was measured using Griess reagent, and the amount of 
cytokines was measured using commercial kits. 
 

Statistical analysis 
 
After performing ANOVA, Tukey, and Dunnett’s tests were used to 

determine the significant differences between means. In this study, a significance 
level of p < 0.05 was defined as statistically significant between groups. 
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PHENOLIC, FLAVONOID, PROANTHOCYANIDIN, SAPONIN 
CONTENTS OF EGGPLANT’S (SOLANUM MELONGENA L.) 

PULP AND PEEL – A CHEMOMETRIC APPROACH 
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Vesna P. STANKOV JOVANOVIĆa 

 
 

ABSTRACT. The eggplant is a vegetable that has been used more in recent 
years thanks to the low calories versus high content of phenolic compounds. 
This study aimed to determine total phenolic, flavonoid, proanthocyanidin, 
and saponin content using spectrophotometric assays and antioxidant activity 
using 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), 2,2’-azinobis(3-
ethylbenzothiazol-6sulpho-nate (ABTS), total reducing power (TRP), ferric 
reducing antioxidant power (FRAP), and cupric reducing antioxidant capacity 
(CUPRAC) assassin peel and pulp of eggplant cultivars Robi, Tudela, 
Vernal, Aragon, and Rosa Bianca. The average total saponin content (TSC) 
in peel was 116.34 µg DSGE mg-1 DW (diosgenin equivalents per mg of 
extract’s dry weight), whereas in pulp was slightly lower (107.86 µg DSGE 
mg-1 DW). A similar trend was observed for total phenolic content (TPC) 
(24.54 µg GAE mg-1 DW (gallic acid equivalents per mg of extract’s dry 
weight) in peel and 15.88 µg GAE mg-1 DW in pulp); total proanthocyanidin (TP) 
(2.74 µg CE mg-1 DW (catechin equivalents per mg of extract’s dry weight) 
in peel and 1.24 µg CE mg-1 DW in pulp) and total flavonoid content (TFC) 
(0,05 µg RE mg-1 DW (rutin equivalents per mg of extract’s dry weight) in 
peel and 0.02 µg RE mg-1 DW in pulp). Principal component analysis (PCA) 
and cluster analysis (CA) methods were applied on the antioxidant activity 
(ABTS, DPPH, TRP, FRAP, and CUPRAC) and total bioactive compounds  
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content (TSC, TPC, TP and TFC) parameters in order to reveal the relationships 
between analyzed samples. As a result of these approaches, analyzed 
samples were grouped into two groups. 
 
Keywords: Eggplant, Solanum Melongena, Antioxidants, Chemometric 
analysis 

 
 
 
INTRODUCTION  

 
Eggplant (Solanum melongena L.), also known as aubergine, comes 

in wide varieties with various shapes (oval, ovoid shape, long club-shaped) 
and colours (white, yellow, green, and purple) [1, 2]. It is grown worldwide 
and is used in a diet because of the high concentration of bio-friendly metals 
(K, Mg, Ca, and Fe), low-calorie content, and affordable price [3]. 

Due to its high phenolic, alkaloid, and vitamin contents, the eggplant-
rich diet positively affected hypercholesterolemia, asthma, diabetes, bronchitis, 
and digestive difficulty [4]. It has anti-inflammatory, hepatoprotective, 
hypolipidemic, antiallergic, and anticancer activity [5]. Many studies have 
shown that phenol compounds are responsible for the antioxidant activity of 
eggplant [6]. Kaushik et al. [7] found that eggplant has the most outstanding 
total phenolic acid content among 21 different vegetables, and the major 
soluble phenolic acid in eggplant is chlorogenic acid and its isomers. Caffeic 
acid and p-coumaric acid were also present in eggplant samples. The 
polyphenol oxidase catalyzes the enzymatic oxidation of phenol compounds 
to the quinones, which polymerize into water-soluble brown melanin [8]. The 
main anthocyanin present in eggplant peel was nasunin [9]. 

Previous studies have dealt with the identification and quantification 
of polyphenolic compounds using high-performance liquid chromatography 
(HPLC) [9,10], total phenolic content (TPC), and total flavonoid content 
(TFC) [5, 9-12]. Antioxidant activity was also estimated using ABTS [10, 12], 
DPPH [5], and FRAP assays [13]. Depending on the thermodynamic conditions 
and reactivity of the phenols’ hydroxyl groups, it has been found that different 
oxidants transform the substrate into different products. Therefore, using 
multiple antioxidant assays is recommended to get a comprehensive picture 
of one’s antioxidant characteristics. 

The present study aimed to determine and compare the antioxidant 
activity of five eggplant cultivars peel and pulp, dominantly present in the 
Serbian markets, using five spectrophotometric assays (DPPH, ABTS, FRAP, 
TRP, and CUPRAC) and total flavonoid content (TFC), total phenolic (TPC) 
content, total proanthocyanidin (TP), and total saponin (TS) content. To the 
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best author’s knowledge, total proanthocyanidin and saponin content in 
eggplant samples is evaluated for the first time. The obtained data were 
subjected to chemometric analysis to estimate the relations between peel 
and pulp of different eggplant varieties and used assays. 
 
 
RESULTS AND DISCUSSION 
 

Total phenolic, flavonoid, proanthocyanidin, saponin contents, 
and antioxidant activities of eggplant extracts 
Phenolic compounds are secondary metabolites often combined with 

mono and polysaccharides via phenolic groups [14]. The main dietary phenolics 
are phenolic acids, flavonoids, and polyphenols [15]. Many studies have shown 
[16, 17] a positive and high correlation between phenolic compounds and the 
antioxidant potential of vegetables and fruits. The hydroxyl groups’ hydrogen 
atoms in the o-position in rings A, B, and C, double bonds in aromatic rings, and 
C=O bonds are responsible for their high antioxidant activity [18]. 

DPPH, ABTS, CUPRAC, FRAP, and TRP are widespread since they 
apply to various samples, are reproducible, low-cost, and, above all, reliable. 
The antioxidant potentials of eggplant peel and pulp extracts were determined 
using five different spectrophotometric assays, and the results are presented 
in Table 1.  

 
Table 1. Antioxidant activity of eggplant samples using five different assays 

(DPPH, ABTS, TRP, FRAP, and CUPRAC) 
 

Name 
Part  

of the 
eggplant 

DPPH1 

(µg TE mg-1 
DW) 2 

ABTS 
(µg TE mg-1 

DW) 2 

TRP 
(µg AAE mg-

1 DW) 2 

FRAP 
(µg FE mg-1 

DW) 2 

CUPRAC 
(µg TE mg-1 

DW) 2 
Robi Pulp 1.15 ± 0.04 59.0 ± 0.4 18.30 ± 0.07 16.02 ± 0.03 84.72 ± 0.07 

Peel 11.0 ± 0.1 3.16 ± 0.06 24.7 ± 0.2 52.52 ± 0.04 80.48 ± 0.06 
Tudela Pulp 3.2 ± 0.1 8.6 ± 0.3 26.13 ± 0.04 21.72 ± 0.02 62.31 ± 0.08 

Peel 9.5 ± 0.3 3.18 ± 0.08 29.15 ± 0.07 47.32 ± 0.03 88.67 ± 0.09 
Vernal Pulp 4.6 ± 0.1 6.14 ± 0.009 22.7 ± 0.1 22.63 ± 0.03 63.68 ± 0.7 

Peel 11.1 ± 0.1 2.60 ± 0.03 29.8 ± 0.2 47.82 ± 0.07 90.3 ± 0.1 
Aragon Pulp 1.79 ± 0.02 11.44 ± 0.03 17.03 ± 0.04 14.22 ± 0.03 52.74 ± 0.05 

Peel 8.4 ± 0.3 7.2 ± 0.1 22.1 ± 0.1 43.32 ± 0.02 68.32 ± 0.03 
Rosa 
Bianca 

Pulp 2.19 ± 0.09 9.52 ± 0.07 17.80 ± 0.07 20.52 ± 0.05 73.24 ± 0.09 
Peel 5.07 ± 0.08 9.16 ± 0.01 16.61 ± 0.01 19.82 ± 0.04 56.70 ± 0.04 

1 mean ± SD, 
2 TE - Trolox equivalent, AAE - ascorbic acid equivalent, FE - Fe(II) equivalent, DW – dry weight. 
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Pulp extracts showed lower antioxidant activity, ranging from 52.74 to 
84.72 µg TE mg-1 DW, than peel extracts (56.7 to 88.64µg TE mg-1 DW) 
according to the CUPRAC method. Antioxidant activity for eggplant in the 
study of Pasli et al. [19] was 72.59 µg TE mg-1 DW, which agrees with the 
results we obtained. Antioxidant activity determined using ABTS and DPPH 
was lower than those obtained by the CUPRAC assay. These results are most 
likely a consequence of the reaction mechanism on which the assays are 
based. In DPPH and ABTS assays, antioxidants react with organic radicals, 
so only smaller molecules can react due to the steric effect [20]. ABTS radical 
cation is formed in a reaction between ABTS and potassium persulfate. ABTS 
radical cation solution is then mixed with antioxidants from a sample and 
reduced to ABTS again. Its reduction depends on antioxidant concentration 
and reaction time. For peel samples, ABTS assay results ranged from 2.6 µg 
TE mg-1 DW (Vernal) to 9.16 µg TE mg-1 DW (Rosa Bianca). Results using the 
same assay for pulp extracts gave higher results, ranging from 6.14 µg TE mg-1 
DW (Vernal) to 59 µg TE mg-1 DW (Robi). DPPH assay results differ from results 
obtained using ABTS assay, with slightly higher results for peel extract ranging 
from 5.07 µg TE mg-1 DW (Rosa Bianca) to 11.1 µg TE mg-1 DW (Vernal); than 
pulp samples ranging from 1.15µg TE mg-1 DW (Robi) to 4.6 µg TE mg-1 DW 
(Vernal). Pasli et al. [19] also analyzed eggplant extracts and recorded 27.87 µg 
TE mg-1 for ABTS and 23.43 µg TE mg-1 for DPPH assay. Colak et al. [20] have 
determined DPPH activity; the activity ranges 0.66 µg TE mg-1 FW (fresh weight) 
for white eggplant peel, 0.84 µg TE mg-1 FW for purple eggplant peel and 2.04 µg 
TE mg-1 FW for black eggplant peel; 0.166 µg TE mg-1 FW for white eggplant pulp, 
0.364µg TE mg-1 FW for purple eggplant pulp and 0.584 µg TE mg-1 FW for black 
eggplant peel. Colak et al. [20] also obtained higher DPPH activities in peel 
samples than in pulp samples, which is consistent with our results. 

FRAP and TRP assays both include the reduction of Fe3+ to Fe2+ with 
antioxidants from the sample. Results obtained using TRP and FRAP methods 
were similar: TRP assay’s lowest values were 16.61 µg AAE (ascorbic acid 
equivalent) mg-1 DW for Rosa Bianca peel extract and 29.8 µg AAE mg-1 DW 
for Vernal peel extract. Unlike peel samples, pulp samples have slightly higher 
values using TRP assay than FRAP assays, except for the pulp sample Rosa 
Bianca which is lower. TRP activity ranges from 17.03 µg AAE mg-1 DW for 
Aragon pulp extracts to 26.13 µg AAE mg-1 DW for Tundela pulp extracts. FRAP 
values were in the range of 14.22 µg FE mg-1 DW for Vernal pulp extracts to 
21.72 µg FE mg-1 DW for Tundela pulp extracts, and 19,82 µg FE mg-1 DW for 
Rosa bianca peel extracts to 52,52 µg FE mg-1 DW to Robi peel extracts. Also, 
the FRAP assay gave higher results for the peel than the pulp samples, except 
for the Rosa Bianca sample. Boulekbache-Makhlouf et al. [21] analyzed the 
byproduct of eggplants and recorded a reducing power of 39 mg QE 100 g-1 
DW for methanolic extract. 
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Saponins are a class of compounds characterized by a skeleton 
derived from the 30-carbon precursor oxide-squalene to which glycosyl residues 
are attached [22]. Saponins found in eggplant act as pancreatic lipase inhibitors, 
which can be used in obesity treatment [23]. Total saponin content ranged from 
102.3 µg DSGE mg-1 DW in Rosa Bianca to 140.4 µg DSGE mg-1 DW in 
Tudela peel (Table 2). Similar total saponin content was found in the pulp 
samples, from 100.5 µg DSGE mg-1 DW in Tudela to 121.8 µg DSGE mg-1 DW 
in Robi. In the review of published papers, only Hoang et al. [24] determined 
the TSC (total saponin content) by spectrophotometric method. According to 
these authors, the content is from 18.05 µg mg-1 DW for aqueous extracts to 
38.34 µg mg-1 DW for methanolic extracts. 

The bitterness of eggplant can come from a high concentration of 
saponins [25]. It was reported that some processing techniques (milling, boiling, 
and steaming) reduced bitterness and saponin content [26]. Also, Solanum 
melongena L. can be used to treat several diseases like bronchitis, arthritis, 
asthma, and diabetes. The main phenolic compounds are in the pulp and peel, 
so unpeeled eggplant should be consumed. 

 
 

Table 2. Total phenolic, saponin, flavonoid,  
and proanthocyanidin content of eggplant samples 

Name Part of the 
eggplant 

TPC1 

(µg GAE  
mg-1 DW)2 

TSC 
(µg DSGE 
mg-1 DW)2 

TFC 
(µg RE  

mg-1 DW)2 

TP 
(µg CE  

mg-1 DW)2 

Robi Pulp 12.58 ± 0.04 121.8 ± 0.7 0.012 ± 0.001 1.04 ± 0.06 
Peel 26.4 ± 0.1 108.3 ± 0.6 0.064 ± 0.005 1.61 ± 0.06 

Tudela Pulp 21.52 ± 0.08 100.5 ± 0.9 0.014 ± 0.001 1.30 ± 0.03 
Peel 29.49 ± 0.08 140.4 ± 0.4 0.043 ± 0.003 4.7 ± 0.1 

Vernal Pulp 16.49 ± 0.06 104.5 ± 0.2 0.033 ± 0.001 2.05 ± 0.02 
Peel 29.4 ± 0.1 126 ± 1 0.075 ± 0.003 3.71 ± 0.09 

Aragon Pulp 13.09 ± 0.08 106.5 ± 0.2 0.0113 ± 0.0006 0.77 ± 0.01 
Peel 22.74 ± 0.04 104.7 ± 0.6 0.053 ± 0.002 2.5 ± 0.1 

Rosa 
Bianca 

Pulp 15.70 ± 0.06 106 ± 1 0.011 ± 0.001 1.02 ± 0.05 
Peel 14.65 ± 0.07 102.3 ± 0.3 0.022 ± 0.002 1.18 ± 0.06 

1 mean ± SD, 
2 GAE - gallic equivalent, DSGE - diosgenin equivalent, RE - rutin equivalent, CE – catechin 
equivalent, DW – dry weight. 
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Phenolic compounds are listed as the primary antioxidants in plant tissue, 
so determining their content can serve as quick antioxidant activity estimation. 
Cao et al. [27] characterized eggplant as among the top ten vegetables with high 
antioxidant activity. The total phenolic content ranged from 14.65 µg GAE mg-1 
DW for Rosa bianca to 29.49 µg GAE mg-1 DW for Tudela peel extracts. Pulp 
samples had lower TPC, ranging from 12.58 µg GAE mg-1 DW for Robi to 
21.52 µg GAE mg-1 DW for Tudela. According to Djounadi et al. [28], the total 
phenolic content was 41.3 to 82.31 µg GAE mg-1 for peel samples and 15.29 
to 23.78 µg GAE mg-1 for pulp samples for two types of eggplant. Salerno et 
al. [5] also investigated total phenolic content in eggplant samples, and their 
results were lower, ranging from 4.49 to 4.80 µg GAE mg-1 DW for pulp samples 
and 6.12 to 6.78 µg GAE mg-1 DW for peel samples. According to Arkoub-
Djermoune et al. [29], the total phenolic content in eggplant samples using 
70% methanol as solvent was 6.69 µg GAE mg-1. Ferarsa et al. [30] reported 
that TPC ranged from 0.02 µg GAE mg-1 DW to 1.99 µg GAE mg-1 DW. Somewhat 
different values obtained in this study may be due to differences in 
antioxidant activity assay conditions and/or different antioxidant activities of 
analyzed eggplants species. The present study results follow the trend 
established in previous studies - the higher total phenolic content in eggplant 
peel versus its pulp.  

The total flavonoid content ranged from 0.022 µg RE mg-1 DW for Rosa 
Bianca peel extracts to 0.075 µg RE mg-1 DW for Vernal peel samples. TFC 
ranged from 0.011 µg RE mg-1 DW for Rosa Bianca pulp extracts to 0.033 µg 
RE mg-1 DW for Vernal pulp samples. Total flavonoid content was higher in all 
peel extracts than in pulp extracts of the same type of eggplants. According to 
Nayanathara et al. [31], total flavonoid content ranged from 22.62 µg CE mg-1 
DW for the Long green eggplant sample to 102.01 µg CE mg-1 DW for the 
Violet uphold eggplant sample. Boulekbache-Makhlouf et al. [21] reported total 
flavonoid content in methanolic extract eggplant was 0.1626 µg QE mg-1 DW. 
Comparing the results presented in this study with the previous studies is 
problematic since, in the previous study, experiments were done with different 
standards (catechin and quercetin), and the results were recalculated to fresh 
weight while our results refer to dry weight. The big issue for comparison still 
stands - water percentage, which can vary significantly depending on species, 
climate and storage sample conditions. Nevertheless, the trend is the same- 
higher flavonoid content in the peel versus pulp.  

Among phenolics in fruits and vegetables, there is a large group of 
compounds called proanthocyanidins, also known as condensed tannins [32]. 
The total proanthocyanidin contents in tested samples were higher in the peel 
than in pulp extracts. Peel extracts’ total proanthocyanidin content varied from 
1.18 to 4.7 µg CE mg-1, while pulp extracts ranged from 0.77 to 2.05 µg CE mg-1. 
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Considering the present results, we can conclude that the total proanthocyanidin’s 
content were higher in the peel than in the pulp samples. 

 
 
Antioxidant Composite Index (ACI) 
 
Because the antioxidant activity of extracts was obtained by five 

different assays: two assays based on reactions with free radicals (ABTS and 
DPPH), two assays based on the reducing power of iron (TRP and FRAP), 
and one assay based on the reducing power of cupric ion (CUPRAC), results 
are challenging to compare. Therefore, the antioxidant activity index (ABTS, 
DPPH, TRP, FRAP, and CUPRAC index) and antioxidant composite index - 
ACI index were calculated and presented in Table 3. The results of the 
antioxidant index and ACI index were given as relative percentages. The 
highest ACI index, based on the results of five antioxidant activity assays, 
was recorded for the Vernal peel sample (78.1), followed by Robi peel (75.3) 
and Tudela peel (74.4). All peel samples had a higher ACI index than pulp 
samples of the same type. The sample Vernal peel had the highest 
DPPHindex, TRPindex and CUPRACindex. The lowest ACI index was noticed for 
sample Aragon pulp. 

 
 

Table 3. The antioxidant composite index for eggplant samples  
calculated from five different antioxidant activity assays 

Name Sample DPPHindex ABTSindex TRPindex FRAPindex CUPRACindex ACIndex 
Robi Pulp 10.4 100.0 61.4 28.8 93.8 58.9 

Peel 99.1 5.4 82.9 100.0 89.1 75.3 
Tudela Pulp 28.8 14.6 87.7 39.1 69.0 47.7 

Peel 85.6 5.4 97.8 85.2 98.2 74.4 
Vernal Pulp 41.4 10.4 76.2 40.8 70.5 47.9 

Peel 100.0 4.4 100.0 86.1 100.0 78.1 
Aragon Pulp 16.1 19.4 57.1 25.6 58.4 35.3 

Peel 75.7 12.2 74.2 78.0 75.7 63.2 
Rosa 
Bianca 

Pulp 19.7 16.1 59.7 37.0 81.1 42.7 
Peel 45.7 15.5 55.7 35.7 62.8 43.1 
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Statistical analysis 
Statistical analysis was performed to understand further the relations 

between analyzed samples and methods used. The correlation matrix is 
given in Table 4. The correlation between the results of spectrophotometric 
assays - ABTS, DPPH, TRP, FRAP, CUPRAC, TPC, TFC, TSC, and TP was 
calculated. 

 
 

Table 4. Correlation coefficient between results obtained  
using spectrophotometric methods 

 DPPH ABTS TPR FRAP CUPRAC TPC TSC TFC TP 
DPPH 1.00         
ABTS -0.56 1.00        
TPR 0.74 -0.43 1.00       
FRAP 0.97 -0.48 0.75 1.00      
CUPRAC 0.54 0.17 0.61 0.64 1.00     
TPC 0.90 -0.55 0.92 0.93 0.63 1.00    
TSC 0.41 0.14 0.55 0.46 0.81 0.53 1.00   
TFC 0.96 -0.47 0.70 0.92 0.56 0.83 0.35 1.00  
TP 0.74 -0.39 0.81 0.74 0.64 0.83 0.77 0.67 1.00 

 
 
The strongest correlation was noticed between DPPH and FRAP 

assays (0.97, p<0.05), followed by TRP and FRAP (0.75, p<0.05), DPPH, 
and TRP (0.74, p<0.05). A strong correlation between DPPH and FRAP was 
reported in the literature [33, 34], which is expected because both assays share 
a similar mechanism, which includes electron transfer from an antioxidant to 
reduce an oxidant. Since the TRP assay includes a reduction of Fe3+ to Fe2+ in 
the FRAP assay, the correlation between them is also expected. ABTS assay 
showed a poor and negative correlation with other spectrophotometric assays. 
Also, the negative and low correlation was between ABTS assay and TPC, 
TSC, TFC, and TP. ABTS reacts with small molecules and can give real 
pictures of the antioxidant activity of plant extract [35]. 

A high positive correlation was recorded between TRP and TPC 
(0.92, p<0.05), DPPH, and TPC assays (0.90, p<0.05). Also, a high positive 
correlation was noticed between DPPH/TFC (0.96, p<0.05), TRP/TFC (0.7, 
p<0.05), and FRAP/TFC (0.7, p<0.05). This positive correlation confirms that 
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phenolic and flavonoid compounds in eggplant samples contribute to their 
antioxidant activity. Proanthocyanidin also showed good correlations with 
TRP, FRAP, DPPH, and CUPRAC, so they also affected the antioxidant 
activity of eggplant samples. 

Of the many chemometric techniques, the most common are used 
multivariate techniques that allow systematic data extraction, usually in large 
sets. As this method reduces the dimensionality of the initial data without 
losing essential information and retaining variability, the components with the 
most significant variance were used [36]. PCA analysis gave two principal 
components (PC) with eigenvalues>1, which is acceptable according to the 
Kaiser criterion [37]. For PC analysis, we used eggplant samples as a case, 
antioxidant assays (ABTS, DPPH, FRAP, and TRP), and assays for determining 
total phenolic, flavonoid, proanthocyanidin, and saponin content as a variable. 
These two principal components explain 87.26% of the total variance. The first 
principal component (PC1) had the highest eigenvalue (6.22), explaining 69.11% 
of the total variance. The second component had 1.64 eigenvalues, explaining 
18.15% of the total variance. Based on the first principal component, all tested 
samples were grouped into two groups. The first group is on the positive sides 
of PC1 and PC2 and consists of eggplant pulp samples Tudela, Vernal, and 
Aragon and one eggplant peel samples Rosa Bianca. Aragon and Rosa Bianca 
pulp samples have the lowest DPPHindex values (16.1 and 19.7, respectively). 
Robi pulp sample is also in this group, on the negative side of PC2. This sample 
stands out as a sample with the highest loading (-3.08) and the highest 
contribution from ABTS (ABTSindex =100), which can also be seen in Figure 1, and 
Tables 1 and 3. Rosa Bianca peel and Aragon pulp samples are in the upper right 
quadrant (Figure 2), and CUPRAC is in the lower-left quadrant, indicating they 
have the lowest value of CUPRAC (CUPRAC index value is 62.8 and 58.4, 
respectively). The second group is on the negative side of PC1. This group 
consists of Robi, Tudela, Vernal, and Aragon eggplant peel samples. According 
to the component PC2, Robi and Aragon peel samples stand out on the positive 
side of PC2; these are the samples with the highest values of TPC, TFC, and 
the high values of DPPH (Figure 1 and Tables 1, 2 and 3). The Tudela and Vernal 
peel samples are on the negative side of PC2, as samples with the highest value 
of TSC (140.4 and 126 µg DSGE mg-1 DW, respectively), TP (4.7 and 3.7 µg 
CE mg-1 DW, respectively) and CUPRAC (88.67 and 90.3 µg TE mg-1 DW, 
respectively). Figure 1 shows that grouping spectrophotometric assays DPPH 
and FRAP with TPC and TFC; CUPRAC with TSC and TP are consistent with 
the Pearson correlation (Table 4). 
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Figure 1. Grouping spectrophotometric assays based  

on the antioxidant activity in tasted eggplant samples using PCA 
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Figure 2. Grouping peel and pulp eggplant samples using PCA 

 
 
From the results of the factor analysis, we can infer which assays or samples 

contribute to the differentiation between the peel and pulp. The original correlation 
matrix of the principal components underwent orthogonal varimax rotation, and 
Table 5 present the factor loadings of the principal components PC1 and PC2. 
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Table 5. The Varimax rotated matrix of principal components,  
along with factor loading values and communalities 

 

 Component Communalities  Component Communalities 
 PC1 PC2 Initial Extraction  PC1 PC2 Initial Extraction 
DPPH 0.916 0.308 1.00 0.933 Robi 

peel 
0.878 0.465 1.00 0.987 

TPC 0.872 0.433 1.00 0.947 Vernal 
peel 

0.856 0.514 1.00 0.997 

FRAP 0.871 0.397 1.00 0.916 Aragon 
peel 

0.843 0.532 1.00 0.994 

ABTS -0.826 0.413 1.00 0.853 Tudela 
peel 

0.840 0.543 1.00 0.999 

TFC 0.815 0.313 1.00 0.762 Vernal 
pulp 

0.771 0.633 1.00 0.995 

TRP 0.735 0.486 1.00 0.777 Tudela 
pulp 

0.765 0.637 1.00 0.991 

Total 
proanthocya
nidins 

0.665 0.612 1.00 0.817 Rosa 
Bianca 
pulp 

0.741 0.667 1.00 0.994 

Total 
saponins 

0.167 0.922 1.00 0.878 Rosa 
Bianca 
peel 

0.739 0.668 1.00 0.993 

CUPRAC 0.272 0.906 1.00 0.895 Robi 
pulp 

0.454 0.881 1.00 0.983 

Eigen-values 6.158 1.620 9.00 7.778 Aragon 
pulp 

0.693 0.709 1.00 0.983 

Variance (%) 53.202 33.218 100 86.42 Eigen-
values 

9.656 0.26 10.00 9.913 

     Variance 
(%) 

58.818 40.341 100 99.159 

 
For instance, DPPH, TPC, FRAP, ABTS assay show high loadings 

on PC1, whereas total saponins and CUPRAC exhibit hight loading on PC2. 
This indicates that these assays have a greater influence on the formation of 
the components. 

High communalities for individual samples (e.g. Robi peel, Vernal peel 
and Aragon peel) suggest that these samples share similar characteristics or 
variations that are well-explained by the extracted components (PC1 and 
PC2). Additionally, the communalities for pulp samples (e.g. Vernal pulp, 
Tudela pulp) also show similar patterns. 
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The same data matrix as in principal component analysis was used 
for cluster analysis. This chemometric technique was used as a supplement 
to PCA to obtain the most accurate classification of tested samples. The 
results are shown in Figures 3 and 4. For clustering, Euclidean distance and 
Ward’s method were used. 
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Figure 3. Grouping tested peel and pulp samples based  

on the antioxidant activity using CA 
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Figure 4. Grouping spectrophotometric assays based  

on the antioxidant activity in tested eggplant samples using CA 
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The first cluster consists of three subclusters: the first subcluster 
includes Tudela, Vernal, and Aragon pulp samples; the second cluster includes 
Rosa Bianca peel and Aragon pulp samples; and the third includes Robi pulp 
samples. The second cluster comprises two subclusters:  the first subcluster 
includes Robi and Aragon peel samples, and the second subcluster includes 
Tudela and Vernal peel samples. The explanation for this grouping of the 
samples is the same as for PCA. 

 
 

CONCLUSIONS 
 
Antioxidant activity and bioactive compounds (phenolics, flavonoids, 

proanthocyanidins and saponins) in five eggplant peel and pulp samples 
commonly consumed in Serbia were analyzed using spectrophotometric 
assays. According to the results, analyzed eggplant samples have a high 
content of phenolic compounds and saponins. Higher total phenolic content 
was recorded for peel than pulp samples, which is also the case with total 
proanthocyanidin content. Total saponin and phenolic content strongly correlated 
with all assays used for antioxidant activity determination, indicating those 
compounds contribute the most to overall antioxidant activity. Chemometric 
statistical techniques (PCA and cluster analysis) formed two groups of tested 
samples according to antioxidant activity and total content of phenol, flavonoid, 
proanthocyanidin, and saponin. Using the PCA analysis the parameters 
differentiating the Rosa Bianca peel were revealed. They are low values of 
TRP, TPC and CUPRAC assay. 
 
 
EXPERIMENTAL SECTION 
 

Methods and Materials 
 
Sample preparation and extraction procedure 
Five eggplant varieties, Robi, Tudela, Vernal, Aragon, and Rosa Bianca, 

were purchased at the local market in Niš, Serbia. The samples were prepared 
according to Dranca and Oroian [38], with some modifications. The peel was 
washed and separated from the pulp; samples were cut into pieces and 
homogenized. Eggplant peel and pulp were lyophilized and kept in 
polyethene bags at -20°C until analysis. Lyophilized samples (1 g) were 
extracted twice for 15 min at 25 °C in an ultrasonic bath, using methanol as 
a solvent. Samples were left in the solvent overnight, filtered, and evaporated 
to dryness, using a vacuum rotary evaporator. Dimethyl sulphoxide (DMSO) 
dissolved extracts to a final concentration of 100 mg mL-1. 
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Chemicals and instrumentation 
2,2-Diphenyl-1-picrilhydrazyl (DPPH), 2,2’-azinobis(3-ethylbenzothiazoline-

6-sulfonic acid) (ABTS), Folin-Ciocalteu reagent, iron(III) chloride hexahydrate, 
6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid (Trolox), gallic acid, 
ascorbic acid, (+)-catechin hydrate, vanillin, diosgenin, rutin, and methanol were 
purchased from Sigma (St. Louis, Missouri, USA). Copper(II) chloride dihydrate, 
2,9-dimethyl-1, 10-phenanthroline (neocuproine), sodium carbonate, hydrochloric 
acid, 2, 4, 6-Tris(2-pyridyl)-s-triazine (TPTZ), potassium hexacyanoferrate(III), 
phosphate buffer (NaH2PO4/Na2HPO4), ammonium acetate buffer, trichloroacetic 
acid, potassium peroxodisulfate, AlCl3 x 6H2O, DMSO, H2SO4, hydrochloric 
acid, sodium hydroxide, sodium nitrite, and iron(II) sulfate heptahydrate were 
purchased from Merck (Darmstadt, Germany), all listed chemicals are of 
analytical grade. 

For spectrophotometric analysis, UV/VIS spectrophotometer was 
used (Perkin Elmer Lambda 15, Massachusetts, USA). 

A lyophilizer (Christ, Germany) was used to dry the samples. 
DPPH radical scavenging activity 
The DPPH radical assay was conducted according to the method 

described by Brand-Wiliams et al. [39]. The extract aliquot (10 µL) was mixed 
with DPPH solution and diluted with methanol to a final volume of 4 mL. After 
the mixture was incubated for 60 minutes in the dark at room temperature, 
absorbance was recorded at 515 nm. The results were expressed as μg 
Trolox equivalent (TE) per mg of extract’s dry weight (DW). 

ABTS radical scavenging activity 
The ABTS radical activity assay was conducted according to the 

method described by Re et al. [40]. Previously prepared ABTS solution was 
mixed with extract aliquot (10 µL), and the mixture was diluted with methanol to a 
final volume of 4 mL. After the mixture was incubated (6 min; room temperature), 
absorbance was recorded at 734 nm. The results were expressed as μg Trolox 
equivalent (TE) per mg of extract’s dry weight (DW). 

Total Reducing Power Assay (TRP) 
The total reducing power assay was determined as per the method 

described by Oyaizu [41], based on the ability of antioxidants in samples can 
reduce Fe(III) to Fe(II). Briefly, 10 µL extracts were mixed with 1 mL of 1% 
K3[Fe(CN)6] and the same volume of phosphate buffer pH 6.6 solution and 
water. This mixture was incubated for 30 minutes at 50 °C. After incubation, 
1 mL of CCl3COOH and 0.6 mL FeCl3 were added. The absorbance was 
recorded at 700 nm, and results were expressed as µg ascorbic acid equivalent 
(AAE) per mg of extract’s dry weight (DW). 
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Ferric Reducing Antioxidant Power Assay (FRAP) 
FRAP assay [42] was used method that uses antioxidants as reductants 

in colorimetric reaction where Fe3+-TPTZ is reduced to blue Fe2+-TPTZ complex. 
Extract aliquot (10 µL) was mixed with 3 mL of freshly prepared FRAP solution 
and diluted with water to a final volume of 4 mL. Then the mixture was incubated 
for 5 min at 37 °C, absorbance was recorded at 595 nm, and results were 
expressed as µg Fe(II) per mg of extract’s dry weight (DW). 

Cupric Ion Reducing Antioxidant Capacity Assay (CUPRAC) 
CUPRAC assay of antioxidant measurement was used. The Cu(II)-

neucuproine complex oxidize to orange-yellow Cu(I)-neocuproine complex [43]. 
The stable complex of Cu(I) with neocuproine was obtained by mixing 10 µL 
of extract solution, 1 mL of neocuproine, 1 mL of ammonium acetate solution, 
1 mL of CuCl2, and 1.9 mL of ethanol. The absorbance of this complex was 
measured at 450 nm after incubation for 30 minutes at room temperature. 
The results were expressed as µg Trolox (TE) per mg of extract’s dry weight 
(DW). 

Total Phenolic Content (TPC) 
Total phenolic content was determined using modified Folin-Ciocalteu 

method [44]. The extract’s solution volume of 0.1 mL was mixed with Folin-
Ciocalteu reagent, 20% sodium carbonate, and deionized water. After incubation 
for 30 minutes in the dark, absorbance was measured at 750 nm. Results 
were expressed as µg gallic acid equivalents (GAE) per mg of extract’s dry 
weight (DW). 

Total Saponin Content (TSC) 
Total saponin content was determined using spectrophotometric 

method as per the method described by Hiai et al. [45]. The method is based on 
the reaction of triterpene, oxidized by sulfuric acid with vanillin, which produces 
a coloured product with maximum absorbance at 544 nm. The extract’s solution 
aliquot was mixed with vanillin and H2SO4, and then the mixture was incubated 
in a water bath for 10 minutes at 60 °C. The results were expressed as µg 
diosgenin equivalents (DSGE) per mg of extract’s dry weight (DW). 

Total Flavonoid Content (TFC) 
A mixture for total flavonoid content determination was prepared by mixing 

0.1 mL of the extract, deionized water, and NaNO2. The obtained mixture was 
incubated for 5 minutes at room temperature, then AlCl3 solution was added, 
followed by incubation for 5 minutes, and NaOH was added. The absorbance was 
recorded at 510 nm, according to Jia et al. [46]. The results were expressed 
as µg of rutin equivalents (RE) per mg of extract’s dry weight (DW). 
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Total Proanthocyanidin Assay (TP) 
This assay is a quick method for quantitatively determining 

proanthocyanidin (condensed tannin) in many plant materials [47]. Total 
proanthocyanidin was estimated using method previously described by Price 
et al. [48]. The extract’s solution was mixed with 4% vanillin and conc. HCl. 
After 15 minutes of incubation, absorbance was recorded at 500 nm. The 
results were given as µg of catechin equivalents (CE) per mg of extract’s dry 
weight (DW). 

Antioxidant Composite Index 
The antioxidant composite index – ACI and the antioxidant index 

were calculated using the following equations [49]: 
 

𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝐹𝐹𝐹𝐹𝐴𝐴𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝐴𝐴𝐹𝐹𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝐶𝐶𝐶𝐶𝐷𝐷𝐹𝐹𝐴𝐴𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
5

             (1) 
 

Where: ABTSindex, DPPHindex, ABTSindex, FRAPindex, TRPindex and CUPRACindex 
are calculated by taking the sample score, dividing it by the best score, and 
then multiplying the result by 100. 

Statistical analysis 
 

The results were presented as mean value ± standard deviation (SD) 
of triple measurements. Two statistical techniques were used for statistical 
data processing - the principal component analysis (PCA) and cluster 
analysis (CA) using Statistica 8.1 (StatSoft, Tusla) software. The principal 
component analysis is a method used to reduce the number of variables, 
with new variables independent of one another [50]. Cluster analysis is a 
chemometric technique examining variables’ relationships [51]. At the same 
time, the dendrogram, which is obtained, gives an overview of the sample 
grouping based on the results of spectrophotometric assays. 
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SYNTHESIS OF BENZIMIDAZOLE-SUGAR DERIVATIVES: 
A POTENTIAL TREATMENT FOR ALZHEIMER’S DISEASE 

 
 

Seda YUKSEKDANACIa,*, Demet ASTLEYb, Murat SENTURKc 
 
 

ABSTRACT. In this study, a new series of chiral benzimidazole-glycosyl 
thiourea derivatives (5-10) were synthesized and evaluated for their 
inhibitory effects against hCA I, hCA II, acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE). The structures of the benzimidazole-glycosyl 
thiourea compounds were determined by FTIR, 1H-NMR, 13C-NMR and 
elemental analysis. The KI values for the CA isoenzymes of the synthesized 
materials ranged from 6.03 to 42.98 nM. KI values for cholinesterase 
enzymes were shown to be between 5.32 and 39.14 nM. It was observed 
that compound 10 is the best hCA I inhibitor (KI:6.03 nM), compund 9 is the 
best hCAII inhibitor (KI:17.29 nM) and compound 8 is the best AChE (KI:5.32 
nM) and the best BChE (KI:18.73 nM) inhibitor. 
 
Keywords: Benzimidazole; amino acid; glycosyl thiourea; carbonic anhydrase; 
cholinesterase 

 
 
 
INTRODUCTION 
 

In recent years, Alzheimer’s disease (AD) has started to appear 
widely in the population, especially in developed countries. This disease is 
an important public health problem and is stated as a neurodegenerative 
condition manifested by abnormal behavior and intellectual decline [1,2] one of the 
most valid hypotheses is the “cholinergic hypothesis”. The cholinergic hypothesis; 
suggests that disfunction of ACh-containing neurons in the brain contributes 
significantly to the cognitive decline observed in old age and those with AD [3]. 
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Changes have been observed in the amount of acetylcholine (ACh), which acts 
as a neuro mediator in the brain tissues of patients with AD [4]. Inhibitors of 
AChE/BChE, which hydrolyze and control the concentrations of these neuro 
mediators, have therefore become a valid option in the treatment of AD [2,5,6]. 
Because of this situation, many researchers around the world, have tried to 
identify new inhibitor candidates for these enzymes that appear as targets in AD 
treatment. AChE regulates the concentration of ACh, which is known to have a 
critical role in cognition and memory in humans [5]. Because of the loss of 
cholinergic neurons in AD, the inhibition of cholinesterases, which can hydrolyze 
ACh, has been adopted as a treatment strategy to increase this decrease in the 
amount of ACh. Since they act as AChE inhibitors, drugs such as neostigmine, 
tacrine and donepezil are used in the treatment of AD [5,7,8]. 

CAs are a class of metalloenzymes that catalyze the rapid hydration of 
CO2 into bicarbonate and proton [9]. Since CAs contribute to important biological 
processes (Ensuring intracellular and extracellular ion balance, regulation of 
intracellular pH, calcification, resorption, etc.) in living organisms, they are found 
in the structure of many tissues [10-12]. Since they can regulate these biological 
processes, CA inhibitors and activators are used in glaucoma, edema, cancer, 
epilepsy, some cognitive disorders, etc. They are candidate drug molecules to 
be used in the treatment of diseases [13-18]. 

Oxidative stress has been cited as one of the causes for AD pathology. 
An increase in the concentration of intracellular reactive nitrogen and oxygen 
species can cause oxidative damage to many biomolecules. Modifications 
that occur in proteins due to oxidative damage can also change the catalytic 
activities of enzymes [19]. For example, a reduction in CA activity and a number 
of highly nitrated and/or carbonylated proteins, including hCA II, were observed 
in the hippocampus of individuals with AD and human brain samples from mild 
cognitive brain samples [20-21]. Moreover, the fact that hCA II isoenzyme has 
been identified among a large number of amyloid plaques suggests that it 
may play a pivotal role in plaque development or may occur together with 
plaque formation [22]. The high levels of hCA II found in the central [20,23] 
and peripheral systems [24] also raise the possibility that hCA II expression 
may represent a biomarker for AD [12]. In addition, promising preclinical 
evidence of the use of CAIs (CA inhibitors) in amyloidosis models has also 
been reported lately [25]. 

Benzimidazole is the heterocyclic compound formed by the fusion of 
imidazole and benzene. Benzimidazole derivatives are of broad interest due 
to their diverse biological activities. Several benzimidazole derivatives have 
been published to exhibit marked antifungal, antibacterial, antioxidant, 
antiparasitic, antihelmintics, antiproliferative, anti-HIV activities [26-31]. Moreover 
benzimidazole derivatives are considered as a new promising molecules for 
Alzheimer inhibitör [32-35]. 
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As excellent intermediates, glucosyl isothiocyanates have been used 
to prepare various carbohydrate compounds of biological and pharmaceutical 
interest [36, 37]. In recent years, there have been many studies on synthesizing 
glycosyl isothiocyanates and their transformation into glycosyl thiourea 
derivatives. Furthermore, sugar thioureas have synthetic applications in 
neoglycoconjugate synthetic strategies such as neoglycoproteins, 
glycodendrimers, glycoclusters and pseudooligosaccharides [38]. In addition, 
studies have shown that glycosyl derivatives, just like benzimidazoles, have 
anticholinesterase activity [39-41]. 

There is a limited number of publications on the synthesis and biological 
activity of glycosyl thioureas with benzimidazole structure. So, in this paper, 
a new series of chiral benzimidazole-glycosyl thiourea derivatives (5-10) 
were synthesized and the structures of the compounds were verified by FTIR, 
1H-NMR, 13C-NMR, and elemental analysis. After synthesizing and characterizing 
chiral benzimidazole-glycosyl thiourea derivatives (5-10), the inhibitory effects on 
two hCA isoenzymes (hCA I/hCA II) and commercially obtained AChE and 
BChE enzymes were investigated in this study. 
 
 
RESULTS AND DISCUSSION 
 

Chemistry 
 
The syntheses of the chiral benzimidazole compounds were made 

according to the literature (4a-c) [42]. The three different amino acids  
(L-isoleucine, D-phenylglycine, L-phenylalanine) were reacted with sodium 
bicarbonate and di-tert-butyl dicarbonate in H2O/THF solvent system in order 
to obtain N-Boc protected amino acids (1a-c). Then the amide derivatives 
(2a-c) were obtained from compounds 1a-c by using o-phenylenediamine 
(OFD) and N,N’-dicyclohexylcarbodiimide (DCC) under N2 atm for 24 hours [43]. 
Compounds 3a-c were synthesized by the reaction of chiral amides (2a-c) 
with acetic acid at 70 oC. In the last step, N-protected benzimidazole derivatives 
(3a-c) were reacted with phosphoric acid in THF at room temperature for 24 
h obtaining benzimidazole derivatives(4a-c) (Scheme 1). 

The second part of the study follows the synthesis of glycosylated 
isothiocyanates. Selected sugars were reacted with sodium acetate and 
acetic anhydride to obtain monosaccharide acetates [44]. Glycosyl bromides 
were synthesised following the reaction of acetylated monosaccharides 
with HBr-AcOH (33%) solution [45]. This follows the synthesis of glycosyl 
isothiocyanates by the reaction of glycosyl bromides with lead(II) thiocyanate 
in dry xylene under N2 atmosphere [46]. 
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To obtain the biologically active target compounds, benzimidazole-
glycosyl thiourea derivatives (5-10), benzimidazole derivatives (4a-c) were 
reacted with gylcosyl isothiocyanates in acetone at room temperature for 24 
hours (Scheme 2). The yield of the reactions ranged from 45 % to 73 %. 

The molecular structures of the newly synthesized thiourea compounds 
were proved by FTIR, 1H-NMR, 13C-NMR and elemental analysis methods. 
Accordingly, the FTIR results observed for the synthesized compounds 
showed C-N stretching vibrational bands at 1224-1260 cm-1, C=S stretching 
stretching vibrational bands at 1360-1380 cm-1, C=O stretching stretching 
vibrational bands at 1748-1770 and N-H stretching stretching vibrational 
bands at 3330-3350 cm-1. 

In the 1H-NMR spectral data, the signals observed at 1.74-2.11 ppm 
ascertain the presence of acetyl groups with 12 protons. The sugar protons’ 
signals have been observed at 4.00-6.10 ppm for the synthesised 
benzimidazole-glycosyl thiourea derivatives (5-10). The signals observed at 
6.85-8.81 ppm belong to aromatic protons in all structures. 

In the 13C-NMR of the target compounds (5-10), the carbon-sulfur 
double bond signals were observed at about 183 ppm, and the carbon-
oxygen double bond signals at about 170 ppm. The carbons in sugar have 
shown signals at 60-80 ppm, and the signal at about 20 ppm indicates the 
presence of –CH3 carbons in the acetyl groups. 

 

 
 

Scheme 1. Synthesis of benzimidazole derivatives (4a-c) 



SYNTHESIS OF BENZIMIDAZOLE-SUGAR DERIVATIVES:  
A POTENTIAL TREATMENT FOR ALZHEIMER’S DISEASE 

 

 
115 

 

 
 

Scheme 2. Synthesis of benzimidazole-glycosyl thiourea compound 
 
 
 

Biochemical Studies 
 
This study reported on the synthesis of benzimidazoles (5-10). This 

study also determined the inhibition effects of the derivatives 5-10 on hCA I and 
hCA II enzymes activity.  

It has been determined that AChE has essential functions in both 
cognition and memory. These cholinergic enzymes (AChE/BChE) catalyze 
the hydrolysis of ACh, causing a decrease in the level of neuronal communication 
of nerve cells with each other. This can lead to decreased brain function and, 
ultimately, to AD. Therefore, balancing the intracellular level of ACh can be 
used in treating AD [10-12, 14]. Numerous scientific studies have shown that 
inhibitors of cholinesterase enzymes (ChEIs) can be used in the treatment of 
neurodegenerative diseases. Currently, new ChEIs are being tried to be 
determined because of the low bioavailability of drugs used to treat AD and 
their gastrointestinal disturbances. In addition, studies conducted in recent 
years have shown that it can be used in CAIs, especially in the treatment of 
AD [11-17]. 

In this study, both CA and cholinesterase inhibitory potentials of 5-10 
derivatives were investigated. As a result of this study, predictive models 
were also proposed for the substances with the most effective inhibitory 
effect for their interactions with hCA II and AChE enzymes, which are the 
primary targets in AD treatment (Figure 1). 

In this study, the inhibitory effects of 5-10 benzimidazole derivatives 
(Figure 2) are reported for the first time using the p-nitrophenyl acetate 
substrate (esterase activity) of these hCA isozymes.  
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Figure 1. A: The interaction image of AChE enzyme and ACh [47], B: The binding image 
of hCA II enzyme and sulfonamide molecule [48, 49]. C: Estimated interaction image of 

AChE and compound 9. D: Estimated interaction image of hCA II and compund 8. 
 

 
 

Figure 2. Benzimidazole-sugar compounds 5-10 Inhibition data for hCA I and hCA 
II measured using the esterase activity of these benzimidazole derivatives are 

shown below (Table 1): 
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Table 1. hCA I, hCA II, AChE and BChE inhibition  

data benzimidazole derivatives 5-10 
 

KI / nM 
Inhibitor hCA I hCA II AChE BChE 

5 7.57 ± 0.15 42.98 ± 0.65 16.59 ± 0.11 39.14 ± 0.43 
6 6.65 ± 0.13 30.03 ± 0.51 8.71 ± 0.09 24.36 ± 0.27 
7 11.33 ± 0.24 34.45 ± 0.54 11.73 ± 0.10 33.08 ± 0.35 
8 13.82 ± 0.28 27.53 ± 0.32 5.32 ± 0.07 18.73 ± 0.19 
9 9.56 ± 0.19 17.29 ± 0.29 12.20 ± 0.11 35.17 ± 0.38 

10 6.03 ± 0.10 21.44 ± 0.30 8.36 ± 0.09 25.34 ± 0.27 
Acetazolamide (AZA) 250 ± 0.52 12.0 ± 0.21 - - 

Donepezil - - 13.82 ± 0.18 2176 ± 23.1 
 
 
(i) In inhibition experiments with the human CA I enzyme for 

benzimidazole derivative 5-10, KI values in the range of 6.03 ± 0.10-13.82 ± 
0.28 nM were obtained. This study determined that compounds 5, 6 and 10 
followed a better inhibition profile than 7-9. It has been determined that the 
5-10 benzimidazole compounds examined show similar values with many 
previous studies (bromophenols, sulfonamide derivatives of amino acids, 
polyphenolic compounds, etc.) [7,12-18, 50]. 

(ii) It was observed that the KI values obtained in inhibition experiments 
with benzimidazole derivative 5-10 for the hCA II enzyme were lower than 
that of the hCA I enzyme (Table 1). When the structure-activity evaluation for 
hCA II was made with the benzimidazole derivatives tested: we determined 
that compounds 5 and 6, which contain methyl and benzyl groups as 
functional groups, are less effective than the other compounds. The best hCA 
II inhibitor among 5-10 derivatives is 9 containing the phenyl group in its 
structure, and the KI of this substance was determined as 17.29 ± 0.29 nM.  

(iii) Derivative 5 (KI=16.59 ± 0.11 nM) showed the weakest inhibitory 
effect in the 5-10 agents against the AChE enzyme. When we look at the 
results of the inhibition obtained with the AChE enzyme for compounds 5-10, 
compound 8 shows the best inhibition (KI=5.32 ± 0.07 nM) and the compound 
5 has the lowest inhibition value (KI=16.59 ± 0.11 nM). This shows that the 
AChE enzyme interacts with the sugar group. Molecules 7 (KI=11.33 ± 0.24 
nM) and 9 (KI =12.20 ± 0.11 nM) contain the same functional groups. The 
difference between these molecules is the position of the acetyl and thiourea 
groups in the molecule, and this effect has little effect on the inhibition values. 
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Molecules 6 (KI=8.71 ± 0.09 nM) and 10 (KI=8.36 ± 0.09 nM) contain the 
same functional groups. The difference between these molecules is the position 
of the acetyl, ethyl and thiourea groups in the molecule, and this effect has 
little effect on the inhibition values. Considering the KI results obtained for 
benzimidazole derivatives 5-10 and AChE, it shows that the position of 
different functional groups in the molecule does not have a large effect on 
the inhibition values in general. The values obtained for AChE (5.32 ± 0.07-
16.59 ± 0.11 nM) with the tested substances were lower and more effective 
when compared to the reference molecule donepezil (13.82 ± 0.18 nM).  

(iv) Similar to the AChE enzyme, the weakest inhibitory effect of the 
six tested substances was determined in compound 5 (KI=39.14 ± 0.43 nM) 
in the BChE enzyme. Among these six substances tested, the most potent 
inhibitor for the BChE enzyme appears to be compound 8 (KI=18.73 ± 0.19 
nM). The results of this study are essential in terms of showing that the BChE 
enzyme interacts with molecules derived from sugar groups, such as the AChE 
enzyme. Compound 7 (KI=33.08 ± 0.35 nM) and 9 (KI=35.17 ± 0.38 nM) contain 
the same functional groups. The difference between these molecules is the 
configuration of the acetyl and thiourea groups within the molecule, and this 
effect had little effect on the inhibition values. Molecules 6 (KI=24.36 ± 0.27 
nM) and 10 (KI=25.34 ± 0.27 nM) contain the same functional groups. The 
difference between these molecules is the position of the acetyl, ethyl and 
thiourea groups in the molecule, and this effect has little effect on the inhibition 
values. According to these KI results obtained for the BChE and its 5-10 
benzimidazole derivatives, the position of the groups in the molecule generally 
shows that it does not have a significant effect on the inhibition value. Moreover, 
when the values obtained for the BChE (18.73 ± 0.19-39.14 ± 0.43 nM) in 
our study are compared to the reference molecule donepezil (2176 ± 23.1 nM), 
it is seen that they are much more effective. 

In the inhibition studies carried out by different groups in the last 
twenty years, it has been discovered that they can show inhibition effects as 
well as sulfonamides, which are known as potent inhibitors of CA isoenzymes 
in the multi-bear functional group [12-18]. While this enables the detection of 
CA inhibitors that do not contain sulfonamide functional groups, it may also 
be advantageous in treating patients allergic to sulfonamide-derived drugs 
[13-18]. In some studies conducted in the last decade, it has been stated that 
hCA II inhibitors have positive effects in studies on AD models and can be 
used in the treatment of this disease [11,23]. In this study, both hCA isoenzymes 
and cholinesterase inhibition profiles of newly synthesized benzimidazole 
derivative (5-10) molecules were determined and their potential to be used 
in neurodegenerative diseases was tried to be determined. 
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CONCLUSIONS 
 

It was determined that the synthesized benzimidazole-thiourea 
derivatives 5-10, showed a compelling inhibition profile of both hCA isoenzymes 
and cholinesterase enzymes due to the functional groups (ethyl, acetyl, 
phenyl, benzyl and benzimidazole) in the structures. The findings indicate 
that these derivatives have inhibition values close to sulfonamides, so that 
they may be a new CAI class. In addition, inhibition values close to donepezil, 
the reference molecule, were obtained and determined to be an influential 
cholinesterase inhibitor group. It was determined by the esterase method that 
these benzimidazole derivatives obtained were effective CAIs even at 
nanomolar concentrations. The results of the study are essential in that these 
benzimidazole derivatives show that other hCA isoforms have the potential 
to produce strong CAI groups.  

If we look at the findings, it shows that chiral benzimidazole-glycosyl 
thiourea derivatives (5-10) are potent inhibitors of the enzymes tested. As a 
result, it has been determined that this new inhibitor group we have identified 
has the potential to be a drug precursor or drug in treating AD. Comparison 
of benzimidazole derivatives (5-10) tested on CAs and cholinesterase enzymes 
here with current drug inhibitors and other compounds studied in the literature 
will help further expand the objectives for understanding the structure-activity 
relationship. These substances can also be used as building blocks in the 
determination of more effective drugs compared to known drug molecules. 
 
 
EXPERIMENTAL SECTION 
 

Synthesis of Benzimidazole compounds 
 

The synthesis was essentially according to the amide formation 
procedure. L-isoleucine, D-phenylglycine and L-phenylalanine were selected 
as the starting amino acids. 
 

Synthesis of Glycosyl Isothiocyanate 
 

The glycosyl isothiocyanate derivatives can be easily synthesized 
from the corresponding sugars [51-53]. D-glucose, D-galactose and D-mannose 
were selected as the starting sugars. 
 

General procedure for the synthesis of benzimidazole-containing 
gylcosyl thiourea derivatives (5-10) 
 

The chiral benzimidazole compound (10 mmol) was dissolved in 15 
mL of acetone under inert atmosphere. Glycosyl isothiocyanate (10 mmol) 
was added to the solution, and it was stirred at room temperature for 24 hours. 
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After the termination of the reaction, acetone was evaporated under reduced 
pressure. The remaining solid was crystallized from the CH2Cl2 / Hexane system 
to give the pure product. 

 
N-[(R)-1-(1H-benzo[d]imidazol-2-yl)-2-phenylethyl)]-N-(2,3,4,6-
tetra-O-acetyl-β-D-glucopyranosyl)thiourea (5) 
 

White solid, 73 % Yield, M.P. = 137-140 oC, IR (NaCl, cm-1): 3330, 
3029, 2942, 1752 1534, 1439, 1368, 1226, 1038, 739. 1H NMR (400 MHz, 
CDCl3, ppm): δ= 1.94 (s, 3H, OCH3); 1.95 (s, 3H, OCH3); 1.97 (s, 3H, OCH3); 
1.99 (s, 3H, OCH3); 3.28 (d, J= 8.0 Hz, 1H, CH-CH2a-Ar); 3.42 (dd, J= 4.0 
Hz, 1H, CH-CH2b-Ar); 3.86 (t, J= 12.0 Hz, 1H, H5); 4.14-4.08 (m, 2H, H6b, H4); 
4.27 (dd, J=8.0 Hz, 1H, H6a); 4.90 (m, 1H, H3); 5.02 (t, J=8.0 Hz, 1H, H2); 
5.28 (q, J= 6.2 Hz, 1H, NH-CH-CH2); 5.85 (bs, 1H, NH); 6.08 (s, 1H, H1); 6.94 
(m, 5H, Ar-H); 7.19 (m, 2H, Ar-H); 7.46 (m, 2H, Ar-H); 7.83 (bs, 1H, NH); 8.81 
(bs, 1H, NH). 13C NMR (100 MHz, CDCl3, ppm): δ= 182.42; 171.40; 170.38; 
170.00; 169.67; 136.28; 129.34; 128.89; 128.00; 127.14; 126.52; 124.51; 
83.25; 72.36; 70.72; 68.82; 67.08; 60.99; 56.63; 38.24; 20.80; 20.66; 20.57; 
20.50. Anal. Calcd for C30H34N4O9S: C, 57.50; H, 5.47; N, 8.94; S, 5.12. 
Found: C, 55.30; H, 5.41; N, 8.91; S, 5.12. 
 

N-[(1S,2S)-1-(1H-benzo[d]-imidazol-2-yl)-2-methylbutyl]-N-
(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)thiourea (6) 
 

White solid, 45 % Yield, M.P. = 178-180 oC, IR (NaCl, cm-1): 3350, 
2963, 1752, 1541, 1366, 1226, 1038, 733. 1H NMR (400 MHz, CDCl3, ppm): 
δ= 0.80 (app. t, J= 6.5 Hz, 3H, CH2CH3); 0.87 (d, J= 6.4 Hz, 3H, CHCH3); 
1.18-1.21 (m, 2H, CHCH2CH3); 1.96 (s, 3H, OCH3); 2.00 (s, 3H, OCH3); 2,01 
(s, 3H, OCH3); 2.02 (s, 3H, OCH3); 3.85-3.82 (m, 1H, CH3CHCH2); 4.12 (app. 
d, J= 9.8 Hz, 1H, H5); 4.29 (app. d, J= 9.8 Hz, 1H, H6a); 4.88 (s, 1H, H4); 5.02 
(t, J= 8 Hz, 2H, H6b+H3); 5.32 (t, J= 9.4 Hz, 1H, NH-CH-CH); 5.48 (s, 1H, H2); 
5.68 (s, 1H, H1); 7.23 (s, 2H, Ar-H); 7.41 (s, 1H, Ar-H); 7.56 (s, 2H, Ar-H); 
8.12 (bs, 1H, NH). 13C NMR (100 MHz, CDCl3, ppm): δ= 183.86; 170.88; 
170.62; 169.83; 169.49; 154.20; 122.96; 122.92; 122.90; 122.86; 82.74; 
73.44; 72.78; 70.96; 68.25; 61.73; 57.60; 25.48; 20.66; 20.53; 20.49; 20.33; 
15.79; 10.55. Anal. Calcd for C27H36N4O9S: C, 54.72; H, 6.12; N, 9.45; S, 
5.41. Found: C, 55.69; H, 6.14; N, 9.45; S, 5.38. 
 

N-[(R)-1-(1H-benzo[d]imidazol-2-yl)(phenyl)methyl]-N-(2,3,4,6-
tetra-O-acetyl-β-D-galactopyranosyl)thiourea (7) 
 

White solid, 54 % Yield, M.P: = 138-140 oC, IR (NaCl, cm-1): 3334, 
3060, 1748, 1591, 1455, 1430, 1370, 1225, 1050, 914. 1H NMR (400 MHz, 
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CDCl3, ppm): δ= 1.91 (s, 3H, OCH3); 1.96 (s, 3H, OCH3); 2.02 (s, 3H, OCH3); 
2.11 (s, 3H, OCH3); 4.07 (d, J= 8.6 Hz, 3H, H-6a+H-6b+H-5); 4.20-4.16 (m, 
1H, H-2); 5.15 (s, 1H, NH-CH-Ar); 5.23 (t, J= 9.0 Hz, 1H, H-3); 5.44 (dd, J= 
9.6 Hz, J= 3.0 Hz, 1H, H-4); 5.65 (s, 1H, H-1); 6.94 (bs, 1H, NH); 7.15-7.21 
(m, 4H, Ar-H); 7.35 (d, J= 7.1 Hz, 3H, Ar-H); 7.45 (s, 2H, Ar-H); 8.35 (bs, 1H, 
NH); 8.59 (bs, 1H, NH). 13C NMR (100 MHz, CDCl3, ppm): δ= 183.59; 171.12; 
170.70; 170.44; 170.13; 169.75; 153.02; 137.97; 128.89; 128.85; 128.42; 
128.29; 127.71; 127.45; 122,95; 83.12; 72.16; 70.98; 68.36; 67.29; 60.90; 
56.80; 20.70; 20.59; 20.53; 20.48. Anal. Calcd for C29H32N4O9S: C, 56.85; H, 
5.26; N, 9.14; S, 5.23. Found: C, 56.89; H, 5.23; N, 9.11; S, 5.21. 

 
N-[(R)-1-(1H-benzo[d]imidazol-2-yl)-2-phenylethyl]-N-(2,3,4,6-
tetra-O-acetyl-β-D-galactopyranosyl)thiourea (8) 
 

White solid, 48 % Yield, M.P. = 142-145 oC, IR (NaCl, cm-1): 3330, 
3030, 1770, 1520, 1380, 1260, 740. 1H NMR (400 MHz, CDCl3, ppm): δ= 
1.95 (s, 3H, OCH3); 1.96 (s, 3H, OCH3); 2.02 (s, 3H, OCH3); 2.05 (s, 3H, 
OCH3); 3.41-3.48 (m, 2H, CH-CH2-Ar); 4.02-4.06 (m, 3H, H-6a+H-6b+H-5); 
4.12-6.12 (5H, H-1+H-2+H-3+H-4+NH-CH-CH2); 5.60 (bs, 1H, NH); 6.85 (bs, 
1H, NH); 7.05 (app d, J= 8.2 Hz, 1H, Ar-H); 7.13 (app d, J= 7.2 Hz, 2H, Ar-
H); 7.17 (s, 1H, Ar-H); 7.19-7.23 (m, 3H, Ar-H); 7.49 (s, 2H, Ar-H); 7.90(bs, 
1H, NH). 13C NMR (100 MHz, CDCl3, ppm): δ=183.44; 171.08; 170.52; 
170.03; 169.70; 155.89; 153.43; 136.43; 129.13; 128.60; 126.90; 122.99; 
82.92; 72.35; 70.87; 68.35; 67.15; 61.17; 53.88; 38.79; 20.63; 20.59; 20.48; 
20.47. Anal. Calcd for C30H34N4O9S: C, 57.70; H, 5.47; N, 8.94; S, 5.12. 
Found: C, 57.74; H, 5.48; N, 8.96; S, 5.11. 
 

N-[(R)-1-(1H-benzo[d]imidazol-2-yl)(phenyl)methyl]-N-(2,3,4,6-
tetra-O-acetyl-α-D-mannopyranosyl)thiourea (9) 
 

White solid, 71 % Yield, M.P. = 151-154 oC, IR (NaCl, cm-1): 3335, 
2960, 1752, 1550, 1360, 1225, 1032, 743. 1H NMR (400 MHz, CDCl3, ppm): 
δ= 1.93 (s, 3H, OCH3); 1.94 (s, 3H, OCH3); 1.98 (s, 3H, OCH3); 2.00 (s, 3H, 
OCH3); 3.94 (app d, J= 9.2 Hz, 1H, H-5); 4.02 (d, J= 11.4 Hz, 1H, H-6a); 
4.08-4.13 (m, 1H, H-6b); 4.31 (dd, J= 12.2 Hz, J= 3.6 Hz, 1H, H-4); 5.06-5.25 
(3H, H-2+H-3+NH-CH-Ar); 5.34 (s,1H, H-1); 5.93 (bs, 1H, NH); 7.17-7.21 (m, 
4H, Ar-H); 7.32 (d, J= 3.8 Hz, 2H Ar-H); 7.41 (s, 3H Ar-H); 7.86 (bs, 1H, NH); 
8.23 (bs, 1H, NH). 13C NMR (100 MHz, CDCl3, ppm): δ=183.58; 170.89; 
170.80; 169.81; 169.41; 129.06; 128.99; 128.55; 127.87; 127.59; 123.13; 
80.46; 69.69; 69.18; 69.04; 66.05; 61.95; 56.93; 20.74; 20.66; 20.64; 20.47. 
Anal. Calcd for C29H32N4O9S: C, 56.85; H, 5.26; N, 9.14; S, 5.23 Found: C, 
56.80; H, 5.24; N, 9.15; S, 5.25. 
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N-[(1S,2S)-1-(1H-benzo[d]imidazol-2-yl)-2-methylbutyl)]-N-
(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl)thiourea (10) 
 

White solid, 53 % Yield, M.P. = 149-151 oC, IR (NaCl, cm-1): 3340, 
2965, 1752, 1534, 1367, 1224, 1052, 749. 1H NMR (400 MHz, CDCl3, ppm): 
δ= 0.94 (d, J= 6.7 Hz, 6H, 2xCH3); 1.29-1.37 (m, 2H, CH-CH2-CH3); 1.64-
1.69 (m, 1H, CH3-CH-CH2) 1.97 (s, 6H, 2XOCH3); 2.02 (s, 3H, OCH3); 2.13 
(s, 3H, OCH3); 3.42-3.46 (m, 1H, H-5); 4.00 (s, 1H, H-6a); 4.08 (s, 1H, H-6b); 
4.38 (d, J= 9.5 Hz, 1H, H-4); 5.12-5.41 (3H, H-3+H-1+NH-CH-CH-CH3); 5.68 
(s, 2H, H-1+ NH); 7.21-7.23 (m, 2H, Ar-H); 7.41 (s, 2H, Ar-H); 7.67 (s, 1H, 
Ar-H); 8.52 (bs, 1H, NH). 13C NMR (100 MHz, CDCl3, ppm): δ= 183.19; 
170.69; 169.95; 169.89; 169.39; 156.97; 133.05; 122.77; 119.96; 118.69; 
111.59; 80.76; 70.05; 69.02; 68.65; 65.63; 61.74; 58.38; 33.81; 24.83; 20.77; 
20.69; 20.61; 20.56; 15.72; 10.90. Anal. Calcd for C27H36N4O9S: C, 54.72; H, 
6.12; N, 9.45; S, 5.41 Found: C, 54.70; H, 6.12; N, 9.43; S, 5.40. 
 

Purification of human erythrocytes CA isozymes 
 

Erythrocyte cells were purified using fresh human blood from Atatürk 
University Research Hospital Blood Center. Plasma and buffy coat were 
removed by centrifugation for ten minutes using a cooled centrifuge at 2000 
rpm by taking 10 mL from the blood collected. The erythrocytes were separated 
and washed three times with 0.9% NaCl and hemolyzed with two volumes 
of ice-cold water. It was centrifuged again at 10000 rpm for 30 minutes. The 
pH of the resulting hemolysate was adjusted to 8.7 with solid Tris. The 
hemolysate was applied to the prepared Sepharose 4BL-aniline-sulfanilamide 
affinity column equilibrated with 25 mM Tris-HCl/0.1 M Na2SO4 (pH 8.7). The 
affinity gel was washed with 25 mM Tris-HCl / 22 mM Na2SO4 (pH 8.7). The 
human carbonic anhydrase (hCA-I and hCA-II) isoenzymes were washed 
with 1 M NaCl / 25 mM Na2HPO4 (pH 6.3) and 0.1 M CH3COONa / 0.5 M 
NaClO4 (pH 5.6), respectively. All procedures were performed at 4°C [14-17]. 
 

Biological activities for hCA I, hCA II, AChE and BChE 
 
The Ellman method investigated the inhibitory activities between the 

synthesized benzimidazole derivatives (5-10) and cholinesterase enzymes 
[54]. Ellman’s method is an in vitrobiological assay that is based on the 
reaction of thiocholine with DTNB to form 5‐mercapto‐2‐nitrobenzoicacid 
(yellow compound). The yellow color can be quantified by its absorbance at 
412 nm. First, 1 mg of each inhibitor was dissolved in 1 mL DMSO and then diluted 
to various concentrations with deionized water. To determine the cholinesterase 
inhibition activity, six serial dilutions of the inhibitors were measured. The 



SYNTHESIS OF BENZIMIDAZOLE-SUGAR DERIVATIVES:  
A POTENTIAL TREATMENT FOR ALZHEIMER’S DISEASE 

 

 
123 

reaction system was composed of 5‐60 μL inhibitor sample, 200 μL buffer (1 M, 
pH 8.0: Tris‐HCl buffer for the AChE assay and phosphate buffer for the BChE 
assay), 50 μL DTNB (0.5 mM), 50 μL acetylthiocholine iodide/S‐butyrylthiocholine 
chloride (10 mM) and 10 μL enzyme (0.28 units/mL for the AChE assay and 0.32 
units/mL for the BChE assay). The reaction was initiated upon addition of the 
enzyme. The reaction system was prepared at room temperature in a quartz 
cuvette. The blank reading was composed of all chemicals except the 
inhibitör. The absorbance of the reaction mixture was measured at 412 nm 
within 5 minutes from the start of the reaction on a ThermoScientific Evolution 
200 Series UV‐VIS spectrophotometer. The absorbance for each reaction 
mixture was measured three times within 5 minutes of adding the enzyme, and 
the results are reported as mean ± standard deviation. 

Carbonic anhydrase (hCA I and II) activity was assayed by following 
the change in absorbance at 348 nm of 4-nitrophenylacetate (NPA) to 4-
nitrophenylate ion over a period of 3 min at 25 oC using a spectrophotometer 
(CHEBIOS UV–VIS) according to the method described by Verpoorte et al 
[55]. The enzymatic reaction, in a total volume of 3.0 mL, contained 1.4 mL 
of 0.05 M Tris–SO4 buffer (pH 7.4), 1 mL of 3 mM 4-nitrophenylacetate, 0.5 
mL H2O and 0.1 mL enzyme solution. A reference measurement was obtained 
by preparing the same cuvette without enzyme solution. The inhibitory effects 
of synthesized compounds (5-10) and acetazolamide were examined. 
Donepezil for cholinesterases and acetazolamide for hCA isoenzymes were 
used as reference inhibitors. Each substance tested was assayed in at least 
three replicates for each concentration. Measurements were made for all 
these derivatives at different concentrations. The activity in the measurement 
(control) without inhibitor was accepted as 100%. % Activity-[Inhibitor] graphs 
are drawn for the substances tested. Measurements were made for all these 
derivatives (5-10) at different concentrations. The IC50 values determined for 
benzimidazole derivatives are shown in Table 1. Stock solutions of all substances 
used in the study were prepared as 1 mg/mL (using dimethylsulfoxide). The 
prepared stock solutions were diluted with distilled water at different 
concentrations. Six serial dilutions of these derivatives using distilled water 
were measured to determine the inhibitory activity of all the enzymes tested. 
This study used in the previous work [56]. The prepared stock solutions were 
diluted with distilled water at different concentrations. 
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THERMODYNAMIC STUDY OF SOME ALCOHOLS  
IN DILUTE AQUEOUS SOLUTION 

 
 

Wedad J. FENDIa, Zainab Abbas AL-DULAIMYa,  
Dheefaf F. HASSANa, Azhar Farooq ABDULZAHRAa 

and Husam Saleem KHALAFa* 
 
 

ABSTRACT. An apparent molar volume ϕv of 1-pentanol, 1-hexanol, 1-heptanol, 
and 1-octanol in dilute aqueous solution has been particular for density 
measurements at 298.15 K. A restrictive apparent molar volumes ϕv˚ at infinite 
dilution of these compounds were investigated based on Masson’s equation. 
Based on the Jone-Dole equation, A and B viscosity constants for four alcohols 
have been identified. This liquid offers resilient solute-solvent interaction. The 
modified Jone-Dole equation has also been employed with the experimental 
consequences using four liquids as solutes in dilute aqueous solutions.  
 
Keywords: Alcohols, Apparent molar volume, Modified Jone-Dole equation.  

 
 
 
 
INTRODUCTION 

 
Several facts about serious water-solute interaction in solution chemistry 

have been based on the familiarity of apparent molar volume. Indeed, in 
extremely dilute aqueous solution, the dual features of apparent molar volume 
and viscosity were required to build up an understanding of inter-molecular 
interactions [1,2]. In this paper, our converge is about dilute aqueous 
solutions, that provide wide-ranging characteristics for the structures of the 
solution. Henceforth volumetric and viscometric investigations about these 
organic liquids were implemented in extremely dilute aqueous media [3-5]. 
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Alcohols are feasibly taken into consideration as derivatives of water in which 
an alkyl group substitutes one hydrogen atom. The unshared electron in an 
oxygen outer shell conveys significant characteristics in the structure of the 
alcohols. Alcohols are water-like in their natural characteristics since their hydroxyl 
ratio in the C-H bonding has been raised. Numerous reported papers about 
volumetric properties had discussed numerous mixes of alcohols and water. 

Alcohols are applied as solvents, co-solvents, alcohols-water mixtures, 
at all times, acting as attention- grabbing due to their anomalous performance 
like the maximum presence of a viscosity-composition and lower partial molar 
volume [6-8] than their volume in the “pure’’ alcohol state [9-12]. Alcohols 
stand for industrial biological amphiphilic materials in a liquid state in accordance 
with the hydrogen bonding of their O-H clusters. They are self-associated and 
polar liquids, and they are of specific interest as alcohols are powerful liquids with 
a three-dimensional system of hydrogen bonds and can be connected with any 
other group taking several degrees of polar attraction [13-15]. Water molecules 
might be bound to the biological solvent in the widespread techniques. Alcohols 
remarkably vary from other biological solvents and from each other based on 
the degree and extent of self-association [16-18]. An important consideration 
was paid in the past for altering hydrogen-bonded structures of alcohol pure 
water in a mixing activity. Previously, the water-alcohol hydrogen bond was, 
in general, sturdier than the alcohol-alcohol bond. Introducing water into pure 
alcohols can collapse the self-association in alcohols. The new hydrogen 
bonds are feasibly made among water molecules and alcohols [19-21]. While 
explaining the volumetric properties of powerfully interconnected systems like 
alcohol-water combinations.  

It is essential to adopt these consequences. Accordingly, we investigated, 
in this paper, the partial molar volume for water in several alcohols with the 
intention of providing a superior interpretation of these factors that contribute 
significantly to a volumetric performance of powerfully related mixtures [22,23]. 
The current work inspected experimental data of viscosities (𝜂𝜂), and densities 
(ρ) at 298.15 K, for ( 1-pentanol, 1-hexanol, 1-heptanol, and 1-octanol) in dilute 
aqueous solutions which were used to calculate apparent molar volume ( ϕv ) 
and Jone-Dole coefficients.  
 
 
RESULTS AND DISCUSSION 

 
For all alcohols, 1-pentanol, 1-hexanol, 1-heptanol, and 1-octanol, the 

values under dissimilar concentrations in aqueous solution were perceived. The 
data for viscosity for each solute under dissimilar concentrations were employed 
to determine the interaction parameter in aqueous solution. The interaction 
parameters were obtained based on Jon-Dole’s Eq. [24, 25].  
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(η/η˳ − 1) √C⁄ = A + B√C ….…. (1) 

Here, A and B stand for the constants regarding ion-ion besides ion-
solvent interaction correspondingly, while C stands for a molar concentration. 
The B magnitudes were acquired based on linear plots between (η/η˳ − 1) √C⁄   and. √C. These plots were depicted in Fig. 1. A and B 
coefficients were considered from the intercepts and slope for each biological 
material as specified in Table 1. 

Table 1. A and B coefficient for aqueous 1-pentanol, 1-hexanol, 1-heptanol, 
and 1-octanol under 298.15 K based on Jone-Dole equation 

1-Pentanol 1-Hexanol 1-Heptanol 1-Octanol
S. 
no. √C (η/ηₒ-1)/ √C S. 

no. √C (η/ηₒ-1)/ √C S. 
no. √C (η/ηₒ-1)/ √C S. 

no. √C (η/ηₒ-1)/ √C
1 0.19644 0.21507 1 0.20164 0.22776 1 0.21608 0.30998 1 0.24222 0.33496 

2 0.22614 0.25108 2 0.22863 0.27785 2 0.24479 0.37821 2 0.28078 0.42552 

3 0.26876 0.27805 3 0.27081 0.32189 3 0.28084 0.45296 3 0.31084 0.49166 

4 0.30237 0.30863 4 0.31283 0.38898 4 0.31549 0.52559 4 0.34479 0.54626 

5 0.34319 0.35785 5 0.33314 0.45326 5 0.33835 0.55329 5 0.36828 0.60984 

6 0.36364 0.37625 6 0.36388 0.51145 6 0.37116 0.59611 6 0.39595 0.66435 

7 0.39148 0.42231 7 0.39829 0.57651 7 0.39865 0.63933 7 0.42243 0.77332 

8 0.42033 0.44948 8 0.42291 0.60763 8 0.42064 0.70802 8 0.44467 0.79493 

9 0.43866 0.47522 9 0.44472 0.62554 9 0.43845 0.74498 9 0.46312 0.84831 

10 0.45339 0.49896 10 0.46679 0.64587 10 0.47615 0.78227 10 0.48546 0.90922 

In view of that, A= -0.008 (dm3/2.mol-1/2), A= -0.1115 (dm3/2.mol-1/2),  
A= -0.0651 (dm3/2mol- 1/2), A=-0.2443 (dm3/2.mol-1/2).  
B= 1.0908 (L.mol-1), B= 1.6762 (L.mol-1), B= 1.8116 (L.mol-1),  
B= 2.3524 (L.mol-1). 
Linearity=0.9899, 0.9886, 0.9919, 0.9938.  
C=molar concentration (mol/L) 
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Figure 1. Jone-Dole plot √𝐂𝐂 versus (η/ηₒ -1)/√𝐂𝐂 for alcohols at 298. 

Table 2. Change of η/ηₒ with concentration of 1-pentanol, 1-hexanol,  
1-heptanol and 1-octanol under 298.15 K 

1-Pentanol 1-Hexanol 1-Heptanol 1-Octanol 
S. 

no. 
Concen-
tration 
(mol/L) 

η/ηₒ S. 
no. 

Concen-
tration 
(mol/L) 

η/ηₒ S. 
no. 

Concen-
tration 
(mol/L) 

η/ηₒ S. 
no. 

Concen-
tration 
(mol/L) 

η/ηₒ 

 
1 

 
0.03859 

 
1.04225 

 
1 

 
0.04066 

 
1.04996 

 
1 

 
0.04669 

 
1.06698 

 
1 

 
0.05867 

 
1.08113 

 
2 

 
0.05114 

 
1.05678 

 
2 

 
0.05227 

 
1.08432 

 
2 

 
0.05992 

 
1.09258 

 
2 

 
0.07884 

 
1.11948 

 
3 

 
0.07223 

 
1.07473 

 
3 

 
0.07334 

 
1.12851 

 
3 

 
0.07887 

 
1.12721 

 
3 

 
0.09664 

 
1.15282 

 
4 

 
0.09143 

 
1.09332 

 
4 

 
0.09786 

 
1.15334 

 
4 

 
0.09954 

 
1.16582 

 
4 

 
0.11888 

 
1.18834 

 
5 

 
0.11778 

 
1.12282 

 
5 

 
0.11098 

 
1.17565 

 
5 

 
0.11448 

 
1.18719 

 
5 

 
0.13653 

 
1.22459 

 
6 

 
0.13224 

 
1.13682 

 
6 

 
0.13241 

 
1.18611 

 
6 

 
0.13776 

 
1.22121 

 
6 

 
0.15678 

 
1.26305 

 
7 

 
0.15326 

 
1.16558 

 
7 

 
0.15864 

 
1.22558 

 
7 

 
0.15892 

 
1.25487 

 
7 

 
0.17845 

 
1.32667 

 
8 

 
0.17668 

 
1.18893 

 
8 

 
0.17885 

 
1.24772 

 
8 

 
0.17694 

 
1.29782 

 
8 

 
0.19773 

 
1.35348 

 
9 

 
0.19242 

 
1.20846 

 
9 

 
0.19778 

 
1.26537 

 
9 

 
0.19224 

 
1.32664 

 
9 

 
0.21448 

 
1.39287 

 
10 

 
0.20557 

 
1.22623 

 
10 

 
0.21789 

 
1.30112 

 
10 

 
0.22672 

 
1.37248 

 
10 

 
0.23567 

 
1.44139 

 

Accordingly, η is the viscosity of solution and ηₒ is the viscosity of water. 

Evaluation of B coefficients for each alcohol was positive in aqueous 
solutions thereby signifying the existence of a strong ion-solvent interactions 
in the solution. These organic materials are like structure-makers in water. 
The A value gotten from all alcohols was negative and estimated for non-
electrolytes as solute that stands for the ion-ion interaction measurement [26-
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28]. A depiction of (η/ηₒ) verses concentration must be linear taking slope 
magnitude equivalent to B coefficient for non-electrolytes and the equation 2 
applicability. The data from the experiments was employed for examining 
how the experimental consequences of viscosity agree with Eq.2 for non-
electrolyte molecules. The magnitudes were shown in Table 2 and in Fig. 2. 

 
Figure 2. Plot (C) versus (η/ηₒ) for alcohols at 298.15 K 

η/η˳ = BC+1 .……. (2) 

Table 3. Ax and Bx amounts for aqueous 1-pentanol, 1-hexanol, 1-heptanol  
and 1-octanol under 298.15 K based on modified Jone-Dole equation 

1-Pentanol 1-Hexaoll 1-Heptanol 1-Octanol 
S. 
no. (�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄ ) 

(η/η˳-1)/ 
�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄  

S. 
no. (�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄ ) 

(η/η˳-1)/ 
�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄  

S. 
no. (�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄ ) 

(η/η˳-1)/ 
�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄  

S. 
no. (�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄ ) 

(η/η˳-1)/ 
�𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄  

 
1 

 
0.04788 

 
0.88238 

 
1 

 
0.05248 

 
0.95198 

 
1 

 
0.05884 

 
1.13834 

 
1 

 
0.06158 

 
1.31747 

 
2 

 
0.06102 

 
0.93038 

 
2 

 
0.08616 

 
0.97865 

 
2 

 
0.07969 

 
1.16175 

 
2 

 
0.08929 

 
1.33812 

 
3 

 
0.07631 

 
0.97927 

 
3 

 
0.12149 

 
1.05778 

 
3 

 
0.10658 

 
1.19376 

 
3 

 
0.11169 

 
1.36825 

 
4 

 
0.09097 

 
1.02579 

 
4 

 
0.13982 

 
1.09669 

 
4 

 
0.13437 

 
1.23406 

 
4 

 
0.13359 

 
1.40979 

 
5 

 
0.11607 

 
1.05811 

 
5 

 
0.15772 

 
1.11367 

 
5 

 
0.14899 

 
1.25635 

 
5 

 
0.15576 

 
1.44187 

 
6 

 
0.12399 

 
1.10348 

 
6 

 
0.16362 

 
1.13742 

 
6 

 
0.17061 

 
1.29668 

 
6 

 
0.18021 

 
1.45976 

 
7 

 
0.14508 

 
1.14132 

 
7 

 
0.19159 

 
1.17737 

 
7 

 
0.19344 

 
1.31756 

 
7 

 
0.21636 

 
1.50985 

 
8 

 
0.15993 

 
1.18133 

 
8 

 
0.20479 

 
1.20963 

 
8 

 
0.22082 

 
1.34867 

 
8 

 
0.22856 

 
1.54652 

 
9 

 
0.16951 

 
1.22978 

 
9 

 
0.21421 

 
1.23887 

 
9 

 
0.23343 

 
1.39933 

 
9 

 
0.24763 

 
1.58657 

 
10 

 
0.18081 

 
1.25119 

 
10 

 
0.23773 

 
1.26665 

 
10 

 
0.26264 

 
1.41822 

 
10 

 
0.27509 

 
1.60448 
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As clarified in Table 3, the magnitudes for concentration were used 
for calculating xs and xw in addition to the obtained date. The linear plot 
(�Xs Xw⁄  ) vs. (η/η˳-1)/�Xs Xw⁄  ratifies a veracity modified Jone-Dole Eq. as 
specified below.  

Notes: Ax= 0.7664, Ax= 0.8417, Ax= 1.0479, Ax= 1.2174, Bx= 2.6623, 
Bx= 1.7915, Bx=1.4203, Bx= 1.4169. Linearity= 0.9911, Linearity= 0.9905, 
Linearity= 0.911, Linearity=0.9891 

(𝜂𝜂/𝜂𝜂˳)−1)
�𝑋𝑋𝑠𝑠 𝑋𝑋𝑤𝑤⁄

= 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐴𝐴�𝑋𝑋𝑠𝑠 𝑋𝑋𝑤𝑤⁄   ….…. (3) 

Where Ax and Bx stand for the coefficients. They represent the interactions 
measured among solute-solute and solute-solvent. A corresponding plot has 
been illustrated in Fig. 3. The positive magnitudes of Ax and Bx gotten in the 
paper indicate the existence of ion-solvent interaction and solute-solute 
interaction [29,30]. The concentration extent applied in the project was 
optimal for a veracity of Staudinger, Jone-Dole equation in addition to the 
modified Jone- Dole equation that behaves like a “structure maker” [31].  

 

 

Figure 3. Modified Jone-Dole plot �𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄  versus (η/η˳-1)/ �𝐗𝐗𝐬𝐬 𝐗𝐗𝐰𝐰⁄   
for alcohols at 298.15 K. 

 
The apparent molar volumes (ϕv) of alcohols was determined based 

on the measured densities in dilute aqueous solution by [32-34]. 

𝜙𝜙𝑣𝑣 = 𝑀𝑀𝑠𝑠
𝜌𝜌ₒ

+  1000(𝜌𝜌ₒ−𝜌𝜌)
𝐶𝐶

 ….…. (4) 

Where Ms represents the molecular weight of alcohol, C is an alcohol 
concentration in mol/L and ρ˳ stands for a density of a pure solvent. The computed 
amounts of apparent molar volume for 1-pentanol, 1-hexanol, 1-heptanol, and 
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1-octanol are given in Table 5 and ploted in Fig.4. The magnitudes for apparent 
molar volumes (standard partial molar volume) (Vϕ˚) have been determined 
through least-squares fit to Masson’s equation at infinite dilutions [35-37]. 

Table 4. A change of densities with concentration of 1-pentanol, 1-hexanol,  
1-heptanol and 1- octanol under 298.15 K 

1-Pentanol 1-Hexanol 1-Heptanol 1-Octanol 

S. 
no. 

Concen-
tration 
(mol/L) 

Density 
(gm/cm3) 

S. 
no. 

Concen-
tration 
(mol/L) 

Density 
(gm/cm3) S. no. 

Concen-
tration 
(mol/L) 

Density 
(gm/cm3) S. no. 

Concen-
tration 
(mol/L) 

Density 
(gm/cm3) 

1 0.0000 0.997046 1 0.0000 0.997046 1 0.0000 0.997046 1 0.0000 0.997046 

2 0.03859 0.99908 2 0.04060 0.99966 2 0.04669 1.00043 2 0.05867 1.00206 

3 0.05114 0.99969 3 0.05227 1.00031 3 0.05992 1.00263 3 0.07884 1.00356 

4 0.07223 1.00067 4 0.07334 1.00154 4 0.07887 1.0040 4 0.09664 1.00487 

5 0.09143 1.00153 5 0.09786 1.00292 5 0.09954 1.00489 5 0.11888 1.00652 

6 0.11778 1.00272 6 0.11098 1.00366 6 0.11448 1.00632 6 0.13653 1.00786 

7 0.13224 1.00331 7 0.13241 1.00474 7 0.13778 1.00641 7 0.15678 1.00919 

8 0.15326 1.00421 8 0.15864 1.00605 8 0.15892 1.00764 8 0.17845 1.01069 

9 0.17668 1.00506 9 0.17885 1.00708 9 0.17694 1.00862 9 0.19773 1.01203 

10 0.19242 1.00562 10 0.19778 1.00801 10 0.19224 1.00946 10 0.21448 1.0294 

11 0.20556 1.00601 11 0.21789 1.00891 11 0.22672 1.01142 11 0.23567 1.01425 

Table 5. Amounts ϕv of the Masson equation for aqueous 1-pentanol,  
1-hexanol, 1-heptanol and 1-octanol under 298.15 K 

1-Pentanol 1-Hexanol 1-Heptanol 1-Octanol 
S. 
no. √𝐂𝐂  𝛟𝛟𝐯𝐯 

(cm3mol-1) 
S. 
no. √𝐂𝐂 𝛟𝛟𝐯𝐯 

(cm3mol-1) 
S. 
no. √𝐂𝐂 𝛟𝛟𝐯𝐯 

(cm3mol-1) 
S. 
no. √𝐂𝐂 𝛟𝛟𝐯𝐯 

(cm3mol-1) 
1 0.19644 35.31842 1 0.20164 37.69516 1 0.21608 43.73795 1 0.24222 46.50937 
2 0.22614 36.30691 2 0.22863 39.51978 2 0.24479 44.77769 2 0.28078 47.19421 
3 0.26876 37.52471 3 0.27081 40.64163 3 0.28084 45.74988 3 0.31084 48.77553 
4 0.30237 38.90222 4 0.31283 41.86316 4 0.31549 46.52436 4 0.34479 49.97424 
5 0.34319 39.72469 5 0.33314 42.23455 5 0.33835 47.92414 5 0.36828 50.39317 
6 0.36364 40.50717 6 0.36388 43.67544 6 0.37116 48.39512 6 0.39595 52.06325 
7 0.39148 41.09442 7 0.39829 44.96438 7 0.39865 49.64078 7 0.42243 52.97686 
8 0.42033 42.44203 8 0.42291 45.57028 8 0.42064 50.83599 8 0.44467 53.58082 
9 0.43866 43.21622 9 0.44472 46.19244 9 0.43845 51.62481 9 0.46312 55.14723 
10 0.45339 44.14778 10 0.46679 47.13124 10 0.47615 52.69066 10 0.48546 56.21232 

Notes: ϕv˚ = 28.801, ϕv = 31.326, ϕv˚ = 36.017, ϕv˚ = 36.224, Sv = 32.655, Sv = 33.75, 
Sv=34.775, Sv = 40.066. C= molar concentration (mol/L) 
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Figure 4. Masson plot apparent molal volumes (ϕv) versus (√𝐂𝐂 )  

for alcohols at 298.15 K 
 

𝜙𝜙𝑣𝑣 = 𝜙𝜙𝑣𝑣˚ + 𝑆𝑆𝑣𝑣√𝐶𝐶……. (5) 

Where Sv is the experimental slope indicating solute-solute 
interaction and the (Vϕ˚) values are separated solute-solute interaction at 
infinite dilution and only inverted the presence of solute-solute interaction 
among solute as well as solvent molecules. The ϕv magnitude is positive 
specifying the positive interaction among solute and solvent molecules [38, 
39]. The Sv is positive signifying which ions possess the worthy complex ion-
forming and resilient ion-ion interacting level in aqueous solution [40, 41]. 
 
 
CONCLUSIONS 

 
In this analysis, density and viscosity parameters were used to 

investigate the existence of interactions in alcohol-water. The good value of the 
B-coefficient suggests that ion-solvent interaction is present in any system 
and it was concluded that there is a relationship between alcohols and water 
molecules because of hydrogen bonding. Accordingly, it stands for the structure 
maker in the aqueous solution. It can be said that the proposed modified Jon-
Dole equation in this study can be a model for gaining more information in 
the field of molecular interaction studies. 
 
 
EXPERIMENTAL 

 
Alcohols (1-pentanol, 1-hexanol, 1-heptanol, and 1-octanol) were 

provided by Aldrich company with 98% purity. The viscosity measurements 
as a suspended level ubbelohde viscometer in a bath adjusted to ± 0.01 k at 
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298.15 k to determine the viscosities. Headed for giving the ending magnitudes, 
the experiments were repeated, at least three times, before the results were 
fixed. 
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KETOCONAZOLE-PAMAM DENDRIMER 
SUPRAMOLECULAR COMPLEX FOR PROLONGED 

DELIVERY BY IN VITRO AND IN VIVO STUDIES 
 
 

Irina KACSOa, Ioana BÂLDEAb, Maria MICLĂUȘa,  
Augustin MOȚa,c, Remus MOLDOVANb, Flavia MARTINa,* 

 
 

ABSTRACT. The current study investigates the potential of the supramolecular 
complex between the antifungal agent Ketoconazole (KTZ) and PAMAM 
dendrimer G5 generation to be used as a topically applied antimycotic drug. 
The new drug-dendrimer formulation was confirmed by combining XRPD, 
FT-IR and DSC analytical techniques, and presents improved aqueous 
solubility and delayed in vitro release profile compare to pure KTZ. The 
biological assays data showed the biocompatibility of the supramolecular 
complex and improved delivery of the encapsulated KTZ into the superficial 
layers of skin and mucosa at the mycotic infections site, leading to a better 
outcome of the infection.   

Keywords: Ketoconazole, PAMAM dendrimer, Drug-dendrimer complex, 
Solubility, Cell viability, Mouse ear sensitization test 

 
 
 
INTRODUCTION  

Invasive fungal infections are a major cause of morbidity and mortality 
in premature infants, immuno-compromised patients or in those with acquired 
immune deficiency syndrome [1, 2].  

 
a National Institute for R&D of Isotopic and Molecular Technologies, 67-103 Donat str., RO-

400293 Cluj-Napoca, Romania 
b Department of Physiology, Iuliu Haţieganu University of Medicine and Pharmacy, 1 Clinicilor 

str., RO-400006 Cluj-Napoca, Romania 
c Department of Chemistry, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos 

str., RO-400028 Cluj-Napoca, Romania 
*  Corresponding author: flavia.martin@itim-cj.ro 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:flavia.martin@ITIM-CJ.RO


IRINA KACSO, IOANA BÂLDEA, MARIA MICLĂUȘ, AUGUSTIN MOȚ,  
REMUS MOLDOVAN, FLAVIA MARTIN 

 

 
138 

Azole antifungal agents represent the most important class of drugs used 
in clinical treatment of fungal infections. Ketoconazole (KTZ, C26H28Cl2N4O4, cis-
1-acetyl-4-[4-[2-(2,4-dichlorophenyl)-2-(1H-imidazol-1-ylmethyl)-1,3-dioxolan-
4-yl]methoxy]phenyl]piperazine, Figure 1) was the first broad-spectrum oral 
antifungal Active Pharmaceutical Ingredient (API) approved by U.S. Food and 
Drug Administration (FDA) in 1981.  
 

 
Figure 1. Chemical structure of Ketoconazole (KTZ) (a) and polyamidoamine 

dendrimer of G5 generation (PAMAM-G5-NH2) (b) 
 

According to Biopharmaceutics Classification System, KTZ is a class 
II drug, with low solubility and high permeability [3]. It’s very low aqueous 
solubility, 0.017 mg/mL [4], limits its bioavailability, because the drug is 
eliminated from the gastrointestinal tract before it is completely dissolved, 
reducing its absorption into the blood circulation. Despite post-marketing reports 
of drug-related hepatotoxicity, it’s been used, off-label, as a second-line therapy 
for castration-resistant prostate cancer [5], and in 2014 the European Medicines 
Agency approved Ketoconazole HRA for oral use as a second-line drug in 
Cushing’s disease [6]. Because poor systemic absorption was observed from 
topical formulations, KTZ is often used for dermatological conditions [7]. 

In order to enhance the solubility and bioavailability of KTZ, different 
solid forms, salts or cocrystals, obtained by crystal engineering approach and 
using different co-formers, e.g., dicarboxylic acids [8, 9], p-amino-benzoic acid 
[10], some phenolic acids [11], have been reported. Another way for its solubility 
enhancement is based on formulations, as solid dispersions [12], hot-melt 
extrusion [13] or inclusion complexes with beta-cyclodextrins [14].  

The ability of dendrimers to encapsulate and form complexes with 
drugs and biologically active products rely on their unique properties, such as 
hyperbranching, well-defined spherical structure, and high compatibility with the 
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biological systems [15-17]. One of the most-studied starburst macromolecules 
is represented by PAMAM (polyamidoamine) dendrimers, their specific properties 
and low toxicity make them suitable as drug delivery systems and with the ability 
of controlled drug release [18, 19]. KTZ pharmaceutical formulations based 
on PAMAM dendrimers were also reported. Two studies have evaluated the 
KTZ solubility in the presence of PAMAM-NH2 dendrimers of G1-G3 low 
generations, in hydrogel [20] and in solution forms [21].   

The aim of this study is to evaluate the potential of the PAMAM 
dendrimer of higher generation, G5, with amine peripheral groups to encapsulate 
and to act as a carrier for the antifungal agent KTZ for topical therapy of 
cutaneous mycosis. The encapsulation is performed by the lyophilization method, 
a simple and reproductible one, often used for preparing this type of formulations. 
The physico-chemical and performance attributes of the new KTZ-PAMAM-
G5-NH2 supramolecular complex were investigated by various thermo-analytical 
and spectroscopic techniques. The biocompatibility was assessed on normal 
dermal fibroblasts and hepatic cell line HepG2 and the risk for allergy induction 
following cutaneous exposure with the KTZ-dendrimer formulation was tested by 
the mouse ear swelling test.  
 
 
RESULTS AND DISCUSSION 

 
Generally, high generation PAMAM dendrimers possesses high-density 

amino groups on the surface with positive charge, while low generation 
PAMAMs contain a reduced and incompact peripheral structure. The interaction 
between the selected dendrimer, PAMAM-G5-NH2, and the active substance 
KTZ is of host-guest type (e.g., electrostatic interactions, hydrogen bonds) 
and consist in simple encapsulation of the API in dendrimer cavities [22]. The 
physical entrapment approach of guest molecules into dendrimer cavity is 
usually performed in a single stage, as compared to the chemical conjugation 
method, which requires multiple stages [23, 24]. 

 
1. Identification of the supramolecular complex  
 
Powder X‑ray Diffraction 
 
The powder X-ray diffraction (PXRD) patterns of the pure KTZ [8] and 

the lyophilized KTZ-PAMAM-G5-NH2 supramolecular complex are shown in 
Figure 2. 
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Figure 2. Experimental PXRD patterns of the KTZ and KTZ-PAMAM-G5-NH2 

supramolecular complex 
 

The powder diffraction pattern of the supramolecular complex 
displays an amorphous structure, characterized by long-range ordering. Thus, 
the disappearance of all the characteristic diffraction lines of KTZ is observed, 
proving its encapsulation in the cavity of PAMAM-G5-NH2 dendrimer. 

 
FT-IR spectroscopy analysis 
 
FT-IR was used to study the interaction between KTZ and PAMAM-

G5-NH2 dendrimer, and the structural changes in the complex compared to 
free dendrimer. FT-IR spectra of the pure KTZ, PAMAM-G5-NH2 dendrimer and 
KTZ-PAMAM-G5-NH2 supramolecular complex are exposed in Figure 3. 

In the FT-IR absorption spectra of the supramolecular complex the 
characteristic bands of the two components, KTZ [25, 26] and PAMAM-G5-
NH2 dendrimer [27] can be identified with their slight modifications, consisting 
in the broadening of the bands and the displacement of the maxima of some 
bands or even the absence of others, due to compounds interactions and 
amorphous character of the supramolecular complex. Compared to the FT-IR 
spectrum of pure KTZ, one can observe: the characteristic bands of the 
stretching vibrations of the -NH groups at 3118 cm-1 and 2883 cm-1 are not found 
on the supramolecular complex spectrum, the weak intensity stretching vibration 
of the C=O carbonyl group from 1726 cm-1 shifts and appears as a weak 
shoulder of the amide band of dendrimer at 1743 cm-1, the vibrational  band 
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Figure 3. FT-IR spectra of KTZ, PAMAM-G5-NH2 and KTZ-PAMAM-G5-NH2 

in the 3750–500 cm-1 (a) and 1770-925 cm-1 (b) spectral domain 
 
of KTZ from 1510 cm-1 shifts and appears as a shoulder at 1514 cm-1 and the 
bands from 1373 cm-1 and 1360 cm-1 are shifted and appear as a broad band 
with a shoulder at 1378 cm-1 and the maximum at 1358 cm-1; the vibrational 
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bands located at 1258, 1244 and 1223 cm-1 appear as a broad band with a 
maximum at 1237 cm-1. The vibrational bands of the C-Cl bond appear as 
broad bands or shoulders, being shifted from 1006, 826, and 822 cm-1 to 
1000, 737, and 733 cm-1, respectively. Regarding the occurred changes in 
the spectrum of the dendrimer after complexation, one can observed the shift 
of the vibration bands from 1644, 1435 and 1250 cm-1 at 1647, 1437 and 
1238 cm-1, respectively. The resulting changes are due to weak interactions 
(electrostatic interactions, hydrogen bonds), which are formed between the 
two components. 

 
Differential Scanning Calorimetry thermal analysis  
 
The thermal behavior of the supramolecular complex is illustrated by 

the DSC curve in the temperature range 20-250 ºC (Figure 4). Several 
endothermic signals appear, among which can be identified: the broad peak 
of dendrimer PAMAM-G5-NH2 from 118.9 oC moved to 114.8 oC; a sharp 
endothermic signal with a maximum at 117 oC; the melting signal of KTZ at 
149.5 oC appears as a broad low-intensity peak with a maximum at 146.9 oC.  

 

 
 

Figure 4. DSC traces of KTZ, PAMAM-G5-NH2 and KTZ-PAMAM-G5-NH2 
 
The differences identified on DSC curve of the supramolecular complex 

compared to DSC curves of the starting substances KTZ and PAMAM-G5-NH2 
denote the presence of weak interactions between them with the formation of a 
material with a high degree of amorphous content, as determined already by 
XRPD, and different thermal events compared to the starting components. 
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2. Aqueous solubility of supramolecular complex 
 
The evolution of the dissolution process over time in aqueous 

systems is an indicative of how a solid form is absorbed into the body. The 
aqueous solubility of the KTZ-PAMAM-G5-NH2 supramolecular complex was 
investigated using the optical nephelometric method [28]. This analytical 
technique involves measuring the degree of relative turbidity, due to the 
diffusion or scattering of monochromatic light, as Tyndall effect, caused by 
the insoluble particles dispersed in the solution. Figure 5 and 6 show the 
scattered light spectra in the 500 – 700 nm spectral domain, for both KTZ 
and KTZ-PAMAM-G5-NH2 complex solutions, at different concentrations. 
 

 
 

Figure 5. Spectra of scattered light for KTZ solutions at increasing concentrations 
 

 
 

Figure 6. Spectra of scattered light for KTZ-PAMAM-G5-NH2 solutions  
at increasing concentrations 
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The aqueous solubility of pure KTZ and the KTZ-dendrimer formulation 
can be evaluated from the diffuse light intensity profile as a function of the 
concentration of the tested compound, as illustrated in Figure 7. 

 

 
 
Figure 7. Evaluation of the limit solubility of KTZ and KTZ-PAMAM-G5-NH2 tested 

samples, from the variation of the diffuse radiation intensity at λ=590 nm  
depending on the concentration, in double-distilled water 

 
In the case of the pure active substance KTZ, the solubility limit is 

detected by a sudden increase in the amount of suspended particles in 
double-distilled water at a concentration of 87.4 µg/mL. 

On the other hand, the solubility limit for the supramolecular complex is 
detected at 156.5 µg/mL, but the precipitation process is very slow compared 
to that detected for KTZ. Thus, the encapsulated molecules of KTZ in the 
dendrimer cavity, through non-covalent bonds, are slowly released, so the solid 
particles will accumulate and finally precipitate in the aqueous solution. 

 
 
3. In-vitro release profile of KTZ from the dendrimer 

supramolecular complex by the dialysis method 
 
The stability of supramolecular complex and the encapsulation propensity 

of the PAMAM-G5-NH2 dendrimer were investigated by the dialysis method 
against double-distilled water [29, 30]. The in vitro release profile of pure KTZ 
and the KTZ encapsulated in the PAMAM dendrimer cavity was monitored 
by UV-Vis spectrophotometry (Figure 8). 
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Figure 8. In vitro release of KTZ in PAMAM-G5-NH2 dendrimer aqueous solution 
compared with the pure KTZ release behavior 

 
In the dialysis in vitro release experiment for pure KTZ during 150 

minutes about 70% of the total amount of the active substance was released 
in the external aqueous phase, but, after 180 minutes, a decrease to 67% of 
the amount of KTZ was observed. This decrease in the amount of dissolved 
KTZ is due to the precipitation of the active substance in the external aqueous 
solution. 

On the other hand, in the case of the KTZ-PAMAM-G5-NH2 complex, 
a slow release of the encapsulated drug was observed, thus after 90 minutes 
only ~20% of the amount of KTZ was released, and after 5 hours about 36%. 
Therefore, a continuous and considerably slower process of the KTZ released 
from the complex compared to pure KTZ occurred, without precipitation of 
the active substance in the external solution during the first 5 hours of the 
experiment. The in vitro release profile of KTZ from the dendrimer complex 
shows a controlled process vs. pure KTZ, probably due to its hydrophobic 
character, which allows it to remain longer embedded in the dendrimer cavities, 
suggesting that electrostatic interactions play an important role in drug 
release from dendritic complexes [21]. Our results are comparable to those 
reported for Ketoconazole- dendrimers PAMAM-G1-G3-NH2 solution or hydrogel 
formulations [20, 21], but the in vitro release experiments were carried out in 
different conditions, as acidic pH or hydrogel components, which potentiates 
the solubility of KTZ.  
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Cell viability 
 
Fibroblasts. Cell viability was reduced in a concentration-dependent 

manner in all treated groups. The concentration of 100 µg /mL decreased the 
cell viability below the toxic level of 70% in the case of KTZ and very close 
in the case of PAMAM-G5-NH2 and KTZ-PAMAM-G5-NH2, respectively. 
These data confirm the toxicity of the compounds at a concentration greater 
than or equal to 100 µg/mL. Cells exposed to concentrations below 100 
µg/mL demonstrated good viability. There are also no significant differences 
in viability between KTZ and KTZ-PAMAM-G5-NH2 treated groups at these 
concentrations (Figure 9). 

 

 
Figure 9. Cell viability of normal dermal fibroblasts (BJ) treated with KTZ,  

PAMAM-G5-NH2 dendrimer and KTZ- PAMAM-G5-NH2, 
data are expressed as % of untreated controls. 

 
Hep-G2. Cell viability was decreased in the PAMAM-G5-NH2 and 

KTZ-PAMAM-G5-NH2 groups in a dose-dependent manner but was maintained 
above the toxicity limit (70%) at concentrations below 200 µg/mL. KTZ did 
not cause a significant decrease in viability at all tested concentrations. These 
data confirm good liver cell viability at the KTZ-PAMAM-G5-NH2 complex up 
to a concentration of 100 µg/mL. In liver cells, KTZ-PAMAM-G5-NH2 showed 
toxicity at higher doses, compared to KTZ (Figure 10). 
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Figure 10. Cell viability of hepatic carcinoma cells (Hep-G2) treated with KTZ, 

PAMAM-G5-NH2 dendrimer and KTZ- PAMAM-G5-NH2, 
data are expressed as % of untreated controls 

 
 
4. Epicutaneous auricular sensitization test in mouse model 
 
Mice were observed for any distress sign due to the cutaneous 

application of the substances. All mice survived and there was no weight loss, 
or hair loss during the exposure period. The mice in the dinitrochlorobenzene 
(DNCB) group showed swelling of the treated ear, as well as the tendency to 
scratch and at rechallenge, they showed signs of local pain-retraction of the 
head and vocalization, when the treated ear was touched, localized erythema, 
edema. All the other groups showed no macroscopic ear modifications at any 
of the measurement points (Figure 11). 

 

 
 

Figure 11. Comparative images of BALB c mice ears treated with vehicle - 
negative control, DNCB - positive control and the test compounds: KTZ, 

PAMAM-G5-NH2 and KTZ-PAMAM-G5-NH2 
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The obtained data from the MEST show a statistically significant 
increase in ear thickness in the DNCB group, the positive control group, 
which confirms the validity of the test model. In the other groups, no 
significant differences were obtained compared to vehicle-control, at any of 
the time points when measurements were made (Figure 12). Therefore, data 
show the validity of the model with epicutaneous sensitization in the positive 
control-DNCB group and no sensitization following exposure to the KTZ, 
PAMAM-G5-NH2 and respectively KTZ- PAMAM-G5-NH2. 

 

 
Figure 12. Epicutaneous mouse ear sensitization test using 5 experimental groups 
(n=5animals/group): control – vehicle, positive control - DNCB, and the test compounds: 

KTZ, PAMAM-G5-NH2, and KTZ-PAMAM-G5-NH2 (***= p<0,0001) 
 
 
Ear thickness measurements for each group after challenge at 24h 

(C24h), challenge at 48h (C48h) and respectively rechallenge at 24h (R24h) 
and 48h (R48h) are presented as % of initial ear thickness as media± 
standard deviation. 

Cell viability tests proved that KTZ-PAMAM-G5-NH2 was well 
tolerated by the skin cells, dermal fibroblasts, in concentrations bellow 100 
µg/mL and very well by the hepatic carcinoma cells, at concentrations up to 
400 µg/mL. 
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CONCLUSIONS 

 
Drug-dendrimer complexation is a widely used approach in 

pharmaceutical industries to increase stability, solubility, bioavailability and 
controlled release of drugs.  

The current study evaluated the potential of the PAMAM-G5-NH2 
dendrimer as drug carrier for the active antifungal KTZ. Being a BCS class II 
drug, its very low aqueous solubility represents a major disadvantage for its 
efficacy. Therefore, an increase of its solubility/bioavailability would lower the 
dose required for the therapeutic effect, and at the same time, provide 
hepatoprotection.  

The new drug-dendrimer based formulation, obtained through non-
covalent bonds, was confirmed by combining XRPD, FT-IR, DSC techniques. 
The supramolecular complex presents improved aqueous solubility over 
pure KTZ, and the in vitro release profile exhibited the delayed release of the 
encapsulated KTZ, being also achieved in a controlled manner compared to 
pure API. The biological assays data showed the biocompatibility of the 
tested compound and are encouraging for the potential application of the 
KTZ-PAMAM-G5-NH2 supramolecular complex in topical therapy of cutaneous 
mycosis. KTZ-PAMAM-G5-NH2 can improve the delivery of KTZ into the 
superficial layers of the skin and mucosa, at the mycotic infections site, due 
to their better stability, leading to a better outcome of the infection. However, 
more studies are needed to prove the bioavailability and the enhancement 
of the antimycotic properties, which will be addressed in future research. 

 
 

EXPERIMENTAL SECTION 
 
Materials 
 
Ketoconazole, commercial form, was purchased from Melone 

Pharmaceutical Co. Ltd., China, and used without further purification. Amine-
terminated fifth-generation PAMAM (polyamidoamine) dendrimer with 
ethylenediamine core (molecular weight = 28824.81 g/mol, 128 amine end 
groups) as 5% methanolic solution was purchased from Sigma-Aldrich Chemical 
Company, USA. Reagent grade solvents were purchased from Merk. Balc c 
mouse model were purchased from Cantacuzino Institute, Bucharest, Romania. 
All lab animal experiments were approved by ethics committee of the University 
of Medicine and Pharmacy Cluj-Napoca and the Veterinary Health Directorate, 
Romania (authorization number 329 / 17 08 2022). 
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Encapsulation of Ketoconazol in PAMAM-G5-NH2 dendrimer  
20 mg KTZ was dissolved in 1 mL methanol and magnetically stirred 

for 30 min at room temperature, following which 1.36 mL methanolic solution 
of PAMAM-G5-NH2 was added (KTZ:PAMAM-G5-NH2 = 10:1 molar ratio). 
The reaction mixture was stirred for 24h in the dark, then lyophilized for 24h 
to remove methanol. The KTZ-PAMAM-G5-NH2 supramolecular complex 
was obtained in the form of translucent sticky clay. The solvent removal was 
performed with an Alpha 1-2 LD type freeze dryer, at -55 °C and 0.010 atm.  

Powder X‑ray Diffraction 
X-ray patterns were collected at room temperature using a Rigaku 

SmartLab multipurpose diffractometer, with Cu Kα1 radiation (λ = 1.54056 Å), 
equipped with a 9 kW rotating anode. For the acquisition of the experimental 
data, Smart- Lab Guidance software was used. The samples were ground to 
a fine homogeneous powder using an agate pestle and mortar and mounted on 
a sample holder. The measurements were performed in the 3°–40° 2θ range 
using steps of 0.01°. 

FT-IR spectroscopy analysis 
FT-IR spectra were obtained with a resolution of 4 cm−1 using a 

JASCO 6100 FT-IR spectrometer in the 4000–400 cm−1 spectral domain by 
employing the KBr pellet technique. Each sample has been dispersed in 
about 300 mg of anhydrous KBr, and the resulting powder was ground in an 
agate mortar. The pellet was obtained by pressing the ground mixture into an 
evacuated die. The spectra were collected and analysed with Jasco Spectra 
Manager v.2 software. 

Differential Scanning Calorimetry analysis 
Thermal measurements were performed with a DSC-60 Shimadzu 

differential scanning calorimeter and a SDT Q600 TA Instruments 
thermogravimeter. For the DSC measurements, standard aluminum crimped 
pan was used as sample holder and alumina as reference sample. An 
amount about 1.5–1.7 mg of each sample has been analysed in the 20–300 °C 
temperature range under dry nitrogen flow (3.5 L h−1) with a 10 °C min−1 
heating rate. Each measurement was performed in triplicate. For data collection 
and analysis, the Shimadzu TA-WS60 and TA60 2.1 software were employed. 
The DSC calorimeter was calibrated with reference standards of zinc and 
indium.  
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Aqueous solubility evaluation by Nephelometric method   
The experimental device is equipped with a Silver Nova CCD 

simultaneous detector, and the experiments were performed using an LED 
with a wavelength of λ=590 nm, and the integration time was set to 500 ms. 
The solubility test was performed in double-distilled water at room temperature 
and the stock solutions of substances KTZ, PAMAM-G5-NH2 dendrimer and 
KTZ-PAMAM-G5-NH2 supramolecular complex were prepared in DMSO. 
For each analyzed sample, the diffuse radiation spectrum was measured, for 
a series of solutions at increasing concentrations in 30 – 185 μg/mL range. 
Analytical samples were prepared by adding increasing volumes (5 – 10 μL) 
of the stock solution, in a volume of 1 mL double-distilled water. 

In-vitro release profile of KTZ from the supramolecular complex 
by the dialysis method 

The in-vitro release study consisted of the following steps: (i) methanolic 
solutions of pure KTZ and supramolecular complex KTZ-PAMAM-G5-NH2 
(concentration 2 mg/mL relative to KTZ) are transferred to cellulose dialysis 
bags (MCO=14000 Da, Sigma Aldrich); (ii) dialysis bags are placed in beakers, 
each containing 40 mL  double-distilled water, under magnetic stirring at 
room temperature; (iii) samples of 1 mL each are collected from the external 
aqueous phase at different time intervals (15 min ÷ 24 h), supplementing the 
external phase with 1 mL double-distilled water at each extraction; (iv) the 
accumulation of KTZ in the external aqueous phase by diffusion from the dialysis 
bags was followed by measuring the absorbance at 230 nm. Previously, the 
calibration curve was drawn using dilutions of known concentrations of KTZ 
stock solution (0.19 mM in H2O:CH3OH 1:1 (v:v)).    

UV-VIS Spectrophotometer Jasco V-750, (Able Jasco, Japan) was used 
to estimate the amount of drug incorporated in the dendrimer, with  characteristics: 
wavelength range: 160-900 nm, speed of variable scanning between 10 ÷ 4000 
nm/min, scanning speed at spectral preview of 8000 nm/min. The measurements 
were made in quartz cells, using H2O:CH3OH 1:1 (v:v) mixture, solvents of 
analytical purity, as internal standard. 

Cell viability 
Cytotoxicity of the KTZ, PAMAM-G5-NH2 dendrimer, and KTZ-PAMAM-

G5-NH2 supramolecular complex was tested on two human cell lines: human 
dermal fibroblasts (BJ, ATCC CRL-2522™Manassas, Virginia, USA) and 
hepatocellular carcinoma (HepG2-HB-8065, ATCC). Cells were maintained 
in DMEM (Dulbecco’s Modified Eagle Medium) with high glucose, supplemented 
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with 5% fetal calf serum and penicillin/streptomycin, amphotericin (all purchased 
from Biochrome AG, Berlin, Germany), in standard culture conditions, medium 
was changed twice a week. 

All compounds were dissolved in DMSO to make a stock solution of 
10 mg/mL, and then the solutions were further diluted with medium to reach 
the final concentrations, used to treat the cells. Final DMSO concentration 
was <0.5%, nontoxic to the cells. Briefly, 104cells/well were seeded for 24h 
on 96 well plaques, and then exposed to increasing concentrations of each of the 
tested compounds 0-100 µg/mL for the dermal fibroblasts and respectively 
0-400 µg/mL for the Hep-G2 cells. Cell viability of the cells was assessed by 
using CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay 
(Promega Corporation, Madison, USA), as indicated by the producer, 
measurement was done at 540 nm. Each experiment was done in triplicate, 
and the results are expressed as % of untreated control [10]. 

Epicutaneous auricular sensitization test in mouse model 
The epicutaneous auricular sensitization test on an animal model 

(MEST- mouse ear sensitization test) was performed on the Balc C mouse model, 
females, 3 months old, average weight 21 g±3g. The animals were purchased 
from Cantacuzino Institute, (Bucharest, Romania). During the experiments, 
the animals were kept at humidity 65%, 21 °C, day/night cycles of 12 h, fed with 
standard food and water ad libitum. The food of the animals was supplemented 
with vitamin A (250UI/g) to enhance the sensitivity of the epicutaneous 
sensitization test.  

The mice were divided into 5 groups (n=5/group): control – vehicle, 
70% ethanol; positive control – 200 µg/mL dinitrochlorobenzene (DNCB) 
dissolved in 70% ethanol; KTZ – 100 µg/mL, dissolved in 70% ethanol; 
PAMAM-G5-NH2 – 100 µg/ml, dissolved in 70% ethanol; KTZ-PAMAM-G5-
NH2 – 100 µg/mL, dissolved in 70% ethanol. On the first day, Freund's 
adjuvant (Sigma Aldrich) was injected into the right flank, subcutaneously, to 
stimulate the allergic response to the test substances [31, 32].  

Skin sensitization was performed on the shaved abdominal skin by 
daily topical application of 100 µL solution for 6 days, followed by the 
application of 50 µl solution on the right ear on day 8 (challenge=C) and day 
15 (rechallenge=R). Ear thickness was measured with a digital caliper before 
application of the solution (day 8 - initial thickness) and subsequently after 
each application at 24h (C24h, respectively R24h) and 48h (C48h, respectively 
R48h). The calculation was made according to the formula: % ear thickness = 
100*(A-B)/B, A = ear thickness after treatment, B = initial ear thickness [31-35]. 
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The mice were followed for signs of distress like loss of appetite, weight 
loss, hair loss, local pruritus and pain. Macroscopic pictures were taken to 
document the inflammatory changes in the mice ears. 

Statistical analysis 
The statistical interpretation of the obtained data was done using the 

program GraphPad Prism version 4.00 for Windows, Software, San Diego, CA, 
USA, the one-way ANOVA test, followed by Dunnet’s multiple 
comparations posttest, p<0.05 was considered significant 
(www.graphpad.com). 
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